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Abstract
Small-scale variation (SSV) of mine soils is enhanced by stripping, mixing and 
stockpiling of materials. Soils with enhanced variation are difficult to assess, causing 
misleading results that indirectly affects mine rehabilitation outcomes. This thesis aims to 
determine if standard soil chemical and biological methods are applicable in the assessment 
of enhanced SSV mine soils from Barrick (Cowal) Gold mine.
Mine soils are firstly discussed in context of rehabilitation. Rehabilitating mine sites 
involves ecosystem engineering, in which landscape, function, structure and composition 
are essential ecosystem features. Using these features, a framework for planning, 
implementing and monitoring for ecosystem engineering was developed.
The issue of SSV in mine soils was reviewed in the literature. It was determined that SSV 
directly and indirectly influences mine rehabilitation outcomes. The development of 
sampling strategies, alternative analytical and statistical methods, and standard guidelines 
are required for reliable assessment of mine soils.
Nineteen topsoil stockpiles at Cowal were sampled for characterisation, with sample 
numbers proportional to stockpile size. Electrical conductivity (EC), exchangeable cations, 
cation exchange capacity (CEC), total carbon (TC), nitrogen (TN), sulphur (TS), nitrate-N, 
ammonium-N and Colwell phosphorus (P) were analysed. The soils require stabilisation and 
amendments for successful revegetation. Variation in exchangeable cations, TC and TN 
indicate soil management may cause variation in the stockpiles. Lack of matching pre- and 
post-mine surveys resulted in inconclusive causes of variation.
Standard organic (wood mulch and compost) and inorganic (gypsum) amendments 
were used in the rehabilitation of a heterogeneous mine soil. This was undertaken as a 32- 
week laboratory (biological) and 72-week glasshouse (chemical characteristics and plants)
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study. The wood mulch increased C:N, C:P, C:S, respiration and moisture, which positively 
influenced revegetation. Gypsum had no significant impact on revegetation. Compost, 
however, increased all nutrients measured and decreased C:N, C:P and C:S. The low C:N:P:S 
ratios resulted in poorer revegetation. Coefficients of variation (CVs) were greater than 30% 
for microbiological biomass carbon (MBC), EC and nitrate-N (NO3). The high variation in EC 
was related to gypsum application. The variation for MBC and NCLrwas probably due to 
underlying enhanced SSV and inconsistent interferences in methods. TC, TN, TP, TS, 
respiration, water-P, bicarbonate-P, EC, pH, and moisture were demonstrated to be precise 
and accurate indicators for the assessment of mine soils.
Large CVs in the standard salicylate Berthelot reaction for ammonium-N were 
investigated. Gypsum and enhanced variation of the soil cause inconsistent interferences. 
Pre-treatment by steam distillation is recommended. The anion exchange membrane 
method for measuring P (AEM-P) was assessed along with a range of low ionic solutions 
(LIS) to limit the variability associated with mine soils. Deionised water and NH4F with 
AEMs are precise for a range of mine soils.
This thesis identifies DI AEM-P, WP, TC, TN, TP, TS, pH, EC and respiration as accurate 
and precise approaches for the assessment of mine soils. Nitrate-N, ammonium-N and MBC 
methods are not accurate, nor precise. There is a need to standardise analytical and 
statistical methods, and survey techniques for mine soils.
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Glossary
T e rm D e f in i t io n
A c c u ra c y
A m e n d m e n t
In m e a s u r e m e n ts  and  m e th o d s ,  th e  p r e d ic t io n  o f  th e  m e a n  
A t r e a t m e n t  used  to  im p ro v e  soil f o r  p la n t  g r o w th  a nd  p r o d u c t iv i t y .  
A m e n d m e n t  can be o rg a n ic  (m u lc h e s ,  m a n u re s ,  c o m p o s ts  e tc )  o r  
in o rg a n ic  ( fe r t i l is e rs ,  g y p s u m , l im e  e tc )  o r  a c o m b in a t io n  th e r e o f .
A na lys is  o f  v a r ia n c e A g ro u p  o f  m o d e ls  t h a t  can be used to  e x p la in  causes  o f  o b s e rv e d  
v a r ia n c e  in a v a r ia te .  For e x a m p le ,  ana lys is  o f  v a r ia n c e  can p ro v id e  
in fo r m a t io n  on  w h e t h e r  o r  n o t  m e a n s  o f  g ro u p s  o f  d a ta  are  e q u a l  o r  
d i f f e r e n t .
A n io n  exch a n g e  
m e m b r a n e  
C h e la t in g  re a g e n ts
Resins t h a t  h a v e  bee n  ch a rg e d  w i t h  e le c t r o ly te  s o lu t io n s .  T h e y  a re  
used f o r  th e  s o r p t io n  o f  a n io n s  t h a t  a re  t o  be ana lysed .
An o rg a n ic  ac id  t h a t  b o n d s  m e ta ls  in to  a c h e la te  r ing , l im i t in g  th e  
m e ta ls  a v a i la b i l i t y  in a s o lu t io n .
C o e f f ic ie n t  o f  v a r ia t io n T he  s ta n d a rd  d e v ia t io n  o f  a g ro u p  d iv id e d  by th e  a ve ra g e  o f  t h a t  
g ro u p ,  and  r e p o r te d  as a p e rc e n ta g e .  CV a l lo w s  e r r o r  in a d a ta  se t  to  
be s ta n d a rd is e d  and  c o m p a r e d  across g ro u p s .  CV is c o m m o n ly  used 
t o  u n d e rs ta n d  v a r ia t io n  in m in e  soils, w i t h  CV > 100%  be in g  v e ry  h igh  
( D o l lh o p f  2 0 0 0 ) ,  and  CV > 50%  h igh  (B o l la n d  and  A l le n  1998).
C o lo r im e t r ic  m e th o d s A n a ly t ic a l  m e th o d s  used in c h e m is t r y  t h a t  use te c h n iq u e s  th a t  
q u a n t i f y  h u m a n  c o lo u r  p e rc e p t io n .
D e n i t r i f ic a t io n The  loss o f  n i t r o g e n  f r o m  soil t h r o u g h  m ic ro b io lo g ic a l  gaseous 
exch a n g e .
E cosys tem  e n g in e e r in g T he  c o n s t r u c t io n  o f  a m a n - m a d e  e c o s y s te m , t h a t  m a y  o r  m a y  n o t  
re f le c t  a sp e c i f ic  n a tu ra l ,  a g r ic u l tu ra l  o r  o th e r  e c o s y s te m .
Fungal h y p h a e T h e  f i l a m e n t  o f  a fu n g u s  t h a t  g ro w s  o u t  f r o m  a c e n t ra l  p o in t  as long  
b ra n ch e s .
K r ig ing A g ro u p  o f  g e o s ta t is t ic a l  m e th o d s  used to  in te r p o la te  a v a lu e  o f  a 
v a r ia te  a t a p a r t ic u la r  lo c a t io n ,  us ing  a lo c a t io n  n e a rb y  w h e r e  th e  
v a r ia te  has b e e n  re c o rd e d .
Landscape  F u n c t io n  
A na lys is
As d e s c r ib e d  by T o n g w a y  and  H in d le y  (2004 ) ,  "a  m o n i t o r in g  
p r o c e d u re  t h a t  uses ra p id ly  a c q u i re d  f ie ld -a sse sse d  in d ic a to rs  to  
assess th e  b io g e o c h e m ic a l  f u n c t io n in g  o f  la n d scap e s  a t  th e  h i l ls lo p e  
sca le ."
Least s ig n i f ic a n t
d i f fe re n c e s
L ign ite
Low  io n ic  s o lu t io n s
A m e th o d  used t o  c o m p a r e  m e a n s  o f  g ro u p s  a f t e r  an A N O V A  to  
ch e c k  t h a t  g ro u p s  w i t h  e q u a l  m e a n s  have  b e e n  re je c te d .
A lso  k n o w n  as b r o w n  coal.
W a te r  w i t h  d is s o lv e d  sa lt a t  0 .0 1 M .  For e x a m p le ,  0 .0 1 M  c a lc iu m  
c h lo r id e  is a lo w  io n ic  s o lu t io n .
M y c o r rh iz a e  
N o rm a l  d is t r ib u t io n  
O p e n - c u t  m in in g
The  r e la t io n s h ip  b e tw e e n  fu n g u s  and  p la n t  ro o ts .
In s ta t is t ic s ,  th is  is th e  d is t r ib u t io n  o f  d a ta  t h a t  f o l l o w s  a b e l l -c u rv e .  
E x t ra c t io n  o f  ro c k  o r  m in e ra ls  t h r o u g h  a p i t .  C o m m o n ly  used in 
q u a r r ie s  a nd  g o ld  m in in g .
P edogenes is  
P o s t-h o c  p o w e r  analys is
Processes o f  so il f o r m a t io n  and  e v o lu t io n .
P o w e r  ana lys is  is u n d e r ta k e n  to  d e te r m in e  a m in im u m  s a m p le  size 
re q u i re d  t o  d e te r m in e  a s ta t is t ic a l  a f fe c t  w i t h in  a u s e r - d e te r m in e d  
range . P o s t-h o c  p o w e r  ana lys is  is u n d e r ta k e n  to  d e te r m in e  th e  
s a m p le  size a f t e r  in i t ia l  re su l ts  o r  s a m p l in g  has b e e n  u n d e r ta k e n .  The
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Term
Precision 
Pyritic materials
Rehabilitation
Reliability
Residual plots
Small-scale variation
Spolic Anthroposols
State and Transition 
Model
Stockpile 
Strip mining
Subsoil
Ternary diagrams
Topsoil
Transformations
Type I and II errors
Waste products and 
materials
information from a pilot study is used to determine sample size for 
further analysis.
In measurements and methods, the variance around the mean. 
Materials containing the mineral pyrite, which are known to oxidise 
when exposed to air and form sulphuric acid.
The process of restoring land after human use (e.g. mining), back to 
something that reflects the land prior to human use.
Both a precise and accurate method. Unreliable methods are 
inaccurate and/or imprecise.
A graph used to show relationships between independent and 
response variables.
In soils, this is the variation in characteristics at the centimetre scale 
(0-100cm).
Soils that have been modified using machinery. Commonly found in 
mine sites, road sides, construction and dam building environments.
A model that identifies ecosystem states and describes transitions 
between states as part of ecosystem succession. State and Transition 
Models are used in mine rehabilitation where the last state in the 
model is of a particular target ecosystem, and it describes different 
states and processes to achieve succession towards the final 
ecosystem as part of rehabilitation planning, implementation and 
monitoring.
A mound of soil that is being stored for later use in land 
rehabilitation.
The removal of resources by firstly removing a strip of ecosystem, 
soil and overburden, followed by their replacement after the 
resource is removed. Commonly used in bauxite and coal mining. 
Includes B horizon of soil, and all horizons below.
A triangular plot used to graph the composition of soil using the 
percentage of three soil characteristics, such as calcium, magnesium 
and sodium. Each corner of the triangle is 100% of one characteristic. 
Includes AO, A1 and A2 horizons of soil.
In statistics, is the normalising of data sets so that it becomes a closer 
fit to the criteria of the analysis that is to be performed on the data.
In this thesis, log-transforms are used to normalise data sets prior to 
analysis with a general ANOVA.
In statistics, these are the terms used when a test produces an 
incorrect rejection of a true null hypothesis (Type I) or fails to reject a 
false null hypothesis (Type II).
Discarded byproducts including oxide materials, organic debris, 
cardboard, municipal garbage, regolith materials.
Definition
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Abbreviations
Abbreviation In Full
ANOVA
AEM
AEM-P
BP
CEC
CV
Dl
EC
EDTA
HCIP
KPI
LFA
LSD
LFSC
LIS
MBC
MEAM
N
OC
OHP
P
PLFA
S
SP
STM
SSV
TIP
TN, TS, TC, TP 
WP
Analysis of variance
Anion exchange membrane
Anion exchange membrane phosphorus
Bicarbonate extracted phosphorus
Cation exchange capacity
Coefficient of variation
Deionised water
Electrical conductivity
Ethylenediaminetetraacetic acid
Hydrochloric acid extracted phosphorus
Key Performance Indicator
Landscape function analysis
Least significant differences
Landscape, Function, Structure, Composition
Low ionic solutions
Microbiological biomass carbon
Monitoring, Evaluation and Adaptive Management
Nitrogen
Organic carbon
Hydroxide extracted phosphorus 
Phosphorus
Phospholipid fa tty  acid analysis 
Sulphur
Sulphuric acid extracted phosphorus 
State and Transition Model 
Small-scale variation 
Total inorganic phosphorus
Total nitrogen, total sulphur, total carbon, tota l phosphorus 
Water available-Phosphorus, determined using Dl and AEM
This thesis uses SI units where practical. All other units are those accepted by Soil Research 
and/or used in Hazleton and Murphy (2007). Referencing style is the Soil Research plug-in for 
EndNote X4.
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1. Introduction
"Land disturbed or destroyed by mining and similar activities is an inevitable part of 
civilization."A.D. Bradshaw, 1983
Belinda at Barrick (Cowal) Gold Mine, Lake Cowal, NSW Australia, 2008 (Photo: Jess Drake]
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Chapter One: In troduction
1.1. Background
M ining is an essential part o f modern daily life. M in ing provides the m ateria ls for 
energy production , build ings, roads and countless o ther products in our lives. M ining comes 
w ith  landscape and environm enta l change tha t is managed through closure plans, 
environm enta l p ro tection  and rehab ilita tion  to a pre-existing ecosystem or land use. Soil, 
and the biogeochemical functions it provides, is an essential ingred ien t o f any ecosystem. As 
such, we need to ensure tha t soil is p rope rly  accounted for in the m ine rehab ilita tion  
process. C urrently, however, m ine soils are managed in a way tha t increases th e ir varia tion  
and makes them  d iffic u lt to accurately and precisely assess fo r rehab ilita tion  purposes. 
Furtherm ore, analytica l methods fo r variable, m ixed m ine soils have had lim ited  research. 
This in troduc tion  w ill explain the necessity o f m ining, and w hy considering m ine soil 
va ria tion  is c ritica l fo r m ine rehab ilita tion  success.
1.1.1. Mining in the World and Australia
From the m id-1990s through to the 2000s, the industria lisa tion  and economic g row th  o f
the w o rld  has increased the demand fo r m ineral products and exp lora tion  o f m ineral 
resources (Access Economics Pty L im ited 2008; Kesler 2007; W ilbu rn  2004). Through 
m in ing  fo r energy resources, m inerals and metals, the w orld 's  popula tion has access to 
energy sources, ag ricu ltu ra l products (fe rtilisers, lime, gypsum etc), bu ild ing  and 
engineering products (roads, housing etc), consumer products (m obile  phones, china plates, 
personal com puters etc), and many more products and services tha t are u ltim a te ly  derived 
from  the m in ing  industry. The demand fo r m in ing products is un like ly  to change, especially 
as there are few available a lternatives (Kesler 2007). In addition , continued 
industria lisa tion  and projected popula tion g row th  generally im plies tha t there w ill only be 
fu rth e r increases in the demand fo r m in ing  products (Access Economics Pty L im ited 2008; 
Kesler 2007). M in ing is now an integral pa rt o f da ily  life, essential fo r our qua lity  o f life, and 
only continues to grow  in im portance as a resource industry.
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With increasing world demand for mining products, the mining industry in Australia is a 
significant contributor to the economy. In the 2010-2011 financial year, the Gross Value 
Added chain product measure was 97,448 million Australian Dollars (AUD), as part of a total 
of 1,317,914 million AUD Australia wide (Australian Bureau of Statistics 2012). This is 7.3% 
of the Australian Gross Domestic Product (GDP). Since 2000, exports of minerals and metal 
ore from Australia have risen from approximately 4,000 million AUD per year to 24,000 
million AUD (Figure 1-1). This reflects the growth and importance of mining in the 
Australian economy. With the growth of the industry, there is also an increased need for 
robust research and environmental management to support the industry.
25000
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1 0 0 0 0
5000
2000 2010 20201960 1970 1980 1990
Figure 1-1: Australian minerals and metal ore exports from 1959 to 2012 in Australian Dollars 
(millions). Reproduced, with no changes to the original, under a Creative Commons Attribution 2.5 
License (Australia) (Hudson 2012)
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1.1.2. Managing changes to the landscape
The demand for mineral resources requires large-scale mining operations, such as open-
cut methods. These mining techniques result in significant changes to the landscape. Open- 
cut mining is the extraction of ore bodies (including gold and other minerals and metals) 
using a pit method; holes are left in the landscape where the ore body used to be (Figure 1- 
2). The processes involved in open-cut mining results in highly altered landforms (mounds 
of waste and pits), changes to water resources (ground and surface water) and alterations in 
the chemical, biological and physical properties of the soil (Bradshaw 1983). In some mines, 
exposure of minerals and processing can result in acid mine drainage and increased levels of 
available heavy metals, both of which need to be managed to minimise impacts to the 
surrounding environment (Loomer et al. 2007). Whilst mining creates landscape change, the 
environmental stewardship of mining companies aims to ensure that mine 
decommissioning is environmentally responsible.
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Figure 1-2: The Barrick (Cowal) Gold Mine pit (foreground) where the ore body is being removed. 
Waste materials (background) from the pit are piled in the surrounding landscape. (Photo: Jess Drake 
2008)
Mine closure and mine rehabilitation are two environmental management practices that 
are used to minimise landscape change and environmental impact. The closure of a mine 
usually involves: geochemical treatments (acid rock, heavy metals), geotechnical designs 
for waste facilities, water treatment, the demolition and removal of processing and 
buildings, and ultimately covering the site with soil and instigating revegetation (Pulino et 
al. 2010). Mine rehabilitation, however, usually focuses on the reinstatement of the pre­
mine ecosystem to the site (Grant 2006; Koch 2007b). In Australia, mine closure and mine 
rehabilitation are necessary regulatory requirements, and are undertaken concurrently and 
iteratively as part of mine life cycles (Box 1996; Bradshaw 1997; Tibbett 2010).
1.1.3. Mine rehabilitation
The examination of mine rehabilitation methods is essential for improving and 
understanding restoration practices for highly altered mine landscapes. The significant 
changes to landscapes with mining often mean that the pre-mine ecosystem is unfeasible as 
a goal for rehabilitation (Bradshaw 1983; Gardner and Bell 2007; Hobbs and Harris 2001). 
Instead, rehabilitation involves the engineering of an ecosystem that will adapt to the new 
site conditions (Bradshaw 1983; Bradshaw and Huttl 2001). By engineering an ecosystem, 
the mine owners aim to achieve a self-sustaining and resilient ecosystem (Bradshaw 1983; 
Elmqvist et al. 2003; Gardner and Bell 2007; Grant et al. 2007; Ruiz-]aen and Aide 2005; 
Thompson and Thompson 2004). The unique and complex ecology of sites drives the need 
for site-specific research into the planning, implementation and monitoring procedures 
required for ecosystem engineering. Nevertheless, both retaining soil and restoring soil 
functionality are key requirements for successfully rehabilitating or engineering an
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ecosystem (Bradshaw 1997; Wali 1999). Despite this importance, mine soils can prove to be 
difficult to assess using standard approaches.
1.1.4. Importance of soil in mine rehabilitation
Biogeochemical cycles in soils, such as nutrient and water cycles, are essential functions
for the establishment and development of plants, animals and ecosystems on mine sites 
(Grant 2006; Grant et al. 2007; Nichols and Grant 2007). Thus, understanding how to 
restore these cycles is a prerequisite for the success of mine rehabilitation and ecosystem 
engineering (Bradshaw 1997; Tibbett 2010). Measuring these functions using standard 
methods and indicators e.g. (Rayment and Lyons 2010), and carrying out rehabilitation 
trials are two ways in which such restoration is generally considered (Koch and Hobbs 
2007; Smits et al. 2010; Tibbett 2010). The incredible variation of mine soils, however, can 
interfere in these measurements.
The management of soils on mine sites causes enhanced variation of mine soils, and if 
not considered this can both directly and indirectly affect rehabilitation outcomes. Mine 
soils are stripped and then stockpiled for later use in rehabilitation, and the processes 
involved in this management increases the variation of the soils (Dollhopf 2000; Schafer et 
al. 1980; Sencindiver and Ammons 2000). The mixing of soils, horizons and other materials 
during stripping and stockpiling creates enhanced variation at the centimetre scale (0- 
100cm) when compared to the original in situ soils (Dollhopf 2000; Sencindiver and 
Ammons 2000). This enhanced small-scale variation (SSV) of soils at the 0-100cm scale is 
known to directly influence ecosystem development on mine sites (Grant 2006; Grant et al 
2007; Hunter and Currie 1956; Nichols and Grant 2007), and has the potential to shape 
ecosystems (Boener and Koslowsky 1989; Fitzjohn et al. 2002), and can thus directly affect 
rehabilitation outcomes.
Standard analytical methods may not always be applicable when used to assess 
enhanced SSV mine soils, and can lead to misleading results that indirectly influence
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rehabilitation outcomes. Standard soil analytical procedures e.g.(Rayment and Lyons 2010), 
and statistical and sampling techniques e.g. (McKenzie et al. 2008) that are used to assess 
agricultural soils are also commonly applied to mine soils. This is despite research that 
questions the applicability of these methods to soils with enhanced SSV e.g. (Ross and Cairns 
1981; Ussiriand Lai 2005).
The use of standard methods in mine soil assessment has been known to produce 
misleading results by influencing the accuracy and precision of measurements (Sun et al. 
2010). This occurs in two separate ways. Firstly, analytical methods may accurately 
estimate the mean, however there is a large amount of variance around the mean (lack of 
precision) due to the variable properties of the soil. Secondly, SSV is also known cause 
inconsistent interferences in analytical methods, making it difficult to assess the mean 
(accuracy) and also resulting in high variance (low precision). This is discussed in greater 
detail in Chapter 3. This low precision and lack of accuracy in analytical methods has lead 
inappropriate rehabilitation methods to be subsequently used (Hunter and Currie 1956). 
Variation, if not considered, can: a) lead to direct repercussion on the overall shape of the 
rehabilitated ecosystem; b) give misleading results for standard soil tests used to assess soil 
and rehabilitation trials; and, c) consequently influence the choice of rehabilitation 
treatments and methods, further affecting the outcome of rehabilitation.
Determining reliable analytical methods to assess and analyse enhanced SSV mine soils 
is critical for rehabilitation outcomes. There has been limited research on how enhanced 
SSV mine soils are considered in the planning, implementation and monitoring of mine 
rehabilitation e.g. (Dollhopf 2000; Hunter and Currie 1956; Sun et al. 2010). Although 
standard soil chemical and biological indicators are used to assess mine soils and 
rehabilitation success (Grant et al. 2007; Koch and Hobbs 2007; Loch et al. 2006; Majer et al. 
2007), there are currently no standard indicators, guidelines or methods for enhanced SSV 
mine soils. Although, there has been repeated reviews demonstrating the need to have
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formal indicators, methods and tools for the assessment of mine soils e.g. (Fitzpatrick and 
Hollingsworth 1994; Galbraith 2004; Haering et al. 2005; Sencindiver and Ammons 2000). 
This thesis focuses on how enhanced SSV can be accommodated in the assessment of mine 
soils, by specifically examining a case study mine: Barrick (Cowal) Gold Mine, near West 
Wyalong, New South Wales, south eastern Australia (Figure 1-3).
Figure 1-3 Location of Barrick (Cowal) Gold Mine, NSW Australia. From Ryan (1998)
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1.2. Hypothesis
The underlying hypothesis of this work is that: standard chemical and biological 
methods are not always suitable when assessing soils with enhanced SSV as part of mine 
rehabilitation activities.
1.3. Aims and Objectives
The aim of this thesis is to determine if standard soil chemical and biological methods 
are applicable for assessing mine soils with enhanced SSV as part of mine site rehabilitation 
activities.
The thesis concentrates on small-scale measurements (0-100cm), and uses soil from the 
open-cut Barrick (Cowal) Gold Mine as a case study. This mine site will be rehabilitated back 
to a natural ecosystem similar to Lake Cowal (Ryan 1998). The thesis will focus on standard 
chemical measurements (total and plant available nutrients, soil moisture, pH and EC) 
(Lajtha et al. 1999; Nelson 1983; Rayment and Higginson 1992; Rayment and Lyons 2010) 
and standard biological methods including respiration and microbiological biomass carbon 
(Vance et ol. 1987; Wollum and Gomez 1969) used to assess soils.
The aim will be achieved through the following six objectives, with each objective 
explicitly addressed in one chapter of this thesis:
1. To identify a new framework for ecosystem engineering, in which soil is one 
component (Chapter 2).
2. To review the literature on the issue of enhanced SSV and its role in influencing 
mine rehabilitation outcomes, and identify gaps in the literature regarding the 
assessment of enhanced SSV mine soils as part of rehabilitation activities 
(Chapter 3).
9
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3. To undertake a pilot study of chemical characterisation of the surface of topsoil 
stockpiles at Barrick (Cowal) Gold Mine and use the characterisation data to 
assess variation (Chapter 4).
4. To assess the usefulness of standard inorganic and organic amendments as part 
of revegetation and soil improvement on Barrick (Cowal) Gold mine, and 
concurrently assess the precision and accuracy of the standard chemical and 
biological indicators being used in the assessment of the rehabilitated enhanced 
SSV mine soils (Chapter 5).
5. To assess the precision of a variation of the Berthelot reaction in the analysis of 
ammonium-N on enhanced SSV mine soils that have undergone gypsum 
amendment (Chapter 6).
6. To assess the precision of the anion exchange membrane technique for 
measuring plant available-P on a range of enhanced SSV mine soils (Chapter 7).
1.4. Context and structure
This thesis consists of a series of literature review chapters and research chapters under 
the underlying hypothesis of: standard chemical and biological methods are not always 
suitable when assessing soils with enhanced S5V as part o f mine rehabilitation activities. Each 
chapter is either a research chapter using mixed, enhanced SSV soil from a case study site, 
Barrick (Cowal) Gold mine, or is a review of the literature. Each chapter investigates one of 
the six objectives of the thesis, and outcomes that link directly back to the hypothesis.
The thesis follows the ANU guidelines for the structure of a combination thesis. A 
combination thesis has been part published and part unpublished (see Section 1.5), with 
chapters being presented in journal paper format. The thesis, as per the guidelines, consists 
of discrete chapters united by an introduction and conclusion that bring the chapters 
together in a cohesive and coherent manner. The structure of this thesis is represented in
10
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Figure 1-4. The chapters all have their own aims, objectives, methods, results, discussion 
and conclusions, and are comprised of different reviewed literature or datasets. The breadth 
of this thesis emulates the realistic interdisciplinary challenges that face mine rehabilitation 
professionals.
Chapter 1: Introduction
How do we assess 
mine soils with 
enhanced
small-scale variation 
for mine 
rehabilitation?
J
Chapter 2: R 
Frame
ehabilitation
works
Big Picture: Rehabilitation
Chapter 3: Enhanced SSV The Issue of Enhanced SSV
Chapter 4: Sto< 
characteristics
:kpile chemical 
and variation Introduction to Cowal Soil
Chapter 5: Assessing rehabilitation 
treatments on enhanced SSV mine 
soils using standard soil chemical and 
biological tests
Assessing Rehabilitation 
Treatments And 
Determining Reliable 
Indicators for Mine Soils
Chapter 8: Conclusion
Chapter 6: Ammonium-N 
Methods
Development of 
Methods for Mine Soils
Chapter 7: Plant Available-P 
Methods
Figure 1-4: Thesis structure, connections and flow of ideas answering the overall aim : to determ ine  
if  standard soil chemical and biological methods are applicable for assessing mine soils w ith enhanced 
SSV as part of m ine site rehabilitation activities. Chapters 1 - 4  w ere undertaken in chronological order, 
w hilst chapters 5 - 7  w ere undertaken concurrently. Chapter 8, the conclusion, synthesises the research 
undertaken in all the chapters and determ ines the outcome of the thesis in terms of the overall 
hypothesis.
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The structure of this thesis, as can be seen in Figure 1-4, demonstrates a flow of ideas 
and research experiments that were undertaken concurrently. After the Introduction 
(Chapter 1), the thesis begins continues with a literature review on ecosystem engineering 
(Chapter 2, Objective 1). This chapter discusses the broader issue of mine rehabilitation, 
ecosystem engineering and demonstrates the crucial need for soil as part of rehabilitation 
activities. This leads into the critical literature review on enhanced SSV in mine soils in 
Chapter 3 (Objective 2). Within Chapter 3, the gaps in the literature are identified, including 
the issue of analytical assessment of mine soils. This is sets up the hypothesis of the thesis, 
and the experiments undertaken in the following chapters. Chapter 4 is undertaken after the 
literature review, and is a description and characterisation of the mine soils at Cowal mine.
It addresses the aim by assessing chemical variation in the surface of stockpiles at the site, 
and determines that some methods may be less reliable as a result of enhanced SSV.
Following from the outcomes of Chapter 4, Chapter 5, 6 and 7 were undertaken as 
concurrent research investigations into the applicability of methods for assessing mine soils. 
Chapter 5 assessed standard mine rehabilitation treatments, and concurrently discusses the 
accuracy and precision of standard chemical (total and available-Plant nutrients, pH and EC) 
and biological (respiration and microbiological biomass carbon) methods. Chapters 6 and 7 
focus on improving and understanding limitations of wet-chemistry techniques for 
analysing enhanced SSV mine soils. They specifically focus on ammonium nitrogen (Chapter 
6) and plant available-P (Chapter 7), which were found to be problematic in Chapter 4.
These chapters demonstrate how standard methods can be adjusted for use with enhanced 
SSV mine soils. Chapter 8 is a synthesis of all the chapters, and discusses the chapters in 
respect to the underlying hypothesis.
An outline of these chapters is given below.
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1.4.1. Chapter 1 - Introduction
This chapter provides the background to the study, including: importance of mining, 
environmental change with mining, mining rehabilitation, small scale variation, and the role 
of soil in rehabilitation. It also describes the aims and objectives, thesis content and 
structure, and publication summary. The introduction also explains the overall hypothesis 
of the thesis, and how each chapter sits under the hypothesis.
1.4.2. Chapter 2 -  Literature Review One: A review of landscape 
rehabilitation frameworks in ecosystem engineering for mine closure
This chapter aims to demonstrate the ecological requirements for planning,
implementation and monitoring of mine rehabilitation. Frameworks e.g. (Grant 2006; Koch 
2007b; Loch et al. 2006; Loch and Lowe 2008; Tongway 2005; Tongway and Hindley 2004] 
are often used for guiding mine rehabilitation planning and on-ground practices. Chapter 2 
reviews frameworks and the potential to use the 4-Key Ecosystem Features (Landscape, 
Function, Structure and Composition (LFSC] in ecosystem engineering (Elmqvist et al. 2003; 
Loch et al. 2006; Ruiz-Jaen and Aide 2005; Tongway and Hindley 2004]. It discusses the 
potential use of a LFSC framework, drawing on Barrick (Cowal) and Alcoa Bauxite Mine in 
Western Australia as case studies. Using the literature, it considers implementation of 
rehabilitation through on-ground actions, monitoring, evaluation and adaptive 
management. The chapter discusses the benefits of the proposed framework and the further 
research required. This chapter provides the context for the research undertaken in this 
thesis, providing a general overview of rehabilitation. Soil is an important part of ecosystem 
development, and mine rehabilitation activities, and is then the focus of Chapters 3-7. 
Further discussion of this chapter post-publication is undertaken in the Afterword (Section 
2-6] and the Conclusion (Chapter 8].
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1.4.3. Chapter 3 -  Literature Review Two: All Mixed Up: Considering 
enhanced small-scale variation of mine soil in mine rehabilitation -  A 
review
This chapter defines SSV and the causes of enhanced SSV in mine soils and then 
examines how enhanced SSV directly and indirectly influences rehabilitation outcomes. The 
last section of this chapter describes some of the current methods used to consider SSV 
within mine rehabilitation. Overall, it emphasises the need for better management of mine 
soils, and when this is not possible, the use of strategies to measure (Chapters 4, 5, 6, 7) and 
rehabilitate (Chapters 4 and 5) soils that consider enhanced SSV. Following on from the 
thesis hypothesis, the chapter demonstrates that there are no formal guidelines for mine soil 
characterisation and assessment. This leads into the analytical sections of the thesis 
(Chapters 4 -  7). This chapter identifies current gaps in knowledge regarding: sampling 
(Chapter 4); analytical methods (Chapter 5, 6 and 7), statistical analysis (Chapter 5); and 
rehabilitation treatments for enhanced SSV soils (Chapter 5).
1.4.4. Chapter 4 -  Chemical characteristic and variation in soil stockpile 
surfaces: A Case Study at Barrick (Cowal) Gold Mine
This chapter aims to undertake a pilot study of the chemical characteristics and using
this data to discuss their variation on the surface of soil stockpiles at Barrick (Cowal] Gold 
mine. This chapter is a descriptive analysis of soils and SSV at Cowal. All stockpiles at the 
site consist of several different materials, including subsoil, topsoil and waste products, 
which is known to cause enhanced SSV (Abdul-Kareem and McRae 1984; Dollhopf 2000; 
Grant et al. 2007; Hunter and Currie 1956; Sencindiver and Ammons 2000; Ussiri and Lai 
2005). This chapter then describes the average characteristics of each stockpile, their 
relationship to revegetation, and the amendments they require. A pilot study of 
rehabilitation treatments follows in Chapter 5.
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Via analysis of Ternary diagrams, cluster analysis, and coefficient of variation (CV), it is 
determined that mixing of materials, horizons or soils in the stockpiles are quite likely. This 
chapter also demonstrates, in relation to the hypothesis, that variation is greater for some 
chemical characteristics and stockpiles than others. Issues associated with standard 
methods of soil chemical analysis, surveying and sampling (from Chapter 3) are also 
discussed and lead into the following sections of the thesis (Chapters 5 - 7).
1.4.5. Chapter 5 -  Assessing highly enhanced SSV mine soils that have 
undergone inorganic and organic amendments as part of mine 
rehabilitation activities
Chapter 5 focuses on assessing the usefulness of rehabilitation treatments at Barrick 
(Cowal) Gold mine, and the precision and accuracy of the standard methods used to assess 
the soil. Both of these objectives follow on from the gaps in literature identified in Chapter 3. 
Rehabilitation treatments, such as mulches and gypsum, are often used to improve plant 
available and total nutrients (Seaker and Sopper 1988b; Smith et al. 1985), and nutrient 
cycling (Cox and Wheland 2000; Shrestha et al. 2009; Smits et al. 2010) for revegetation and 
rehabilitation. This chapter focused on a rehabilitation trial that included applying compost, 
wood mulch, no mulch and gypsum to respread mine soil. The trial of these amendments is 
analysed using some of the statistical approaches outlined in Chapter 3. The analysis 
determines that wood mulch improves moisture retention and lowers nutrient ratios in 
mine soils, and improves revegetation. Compost, however, is found to result in low plant 
counts that may be due to high available nutrients and low carbon: nitrogen (C:N), C:sulphur 
(C:S) and C:phosphorus (C:P) ratios. Thus wood mulch is an effective amendment, in the 
short term, for rehabilitation and revegetation of enhanced SSV mine soils.
Enhanced SSV is known to affect the outcome of rehabilitation and standard methods 
used in assessment of soils, as discussed in Chapters 3 and 4. The reliability of these 
methods may be questioned due to the influence of enhanced SSV on precision and accuracy
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of the method (Becker et al. 2006; Mummey et al. 2002; Ross and Cairns 1981; Ussiri and Lai 
2005). The second part of this chapter focuses on the overarching hypothesis, by 
determining if the standard soil chemical and biology analyses used in the assessment of the 
rehabilitated soil are precise and accurate. It finds that there is considerable variation, and 
thus low precision, in microbiological biomass carbon and nitrate-N measurements. 
Furthermore, irrespective of enhanced SSV, total carbon (TC), phosphorous (TP), sulphur 
(TS), and TN, electrical conductivity, pH, and moisture are accurate and precise methods for 
enhanced SSV soils, given the restraints of this study. Whilst the methods for respiration, 
water soluble-P (WP) and bicarbonate-P (BP) are precise when assessing mine soils and 
rehabilitation treatment effects, they are not necessarily accurate. Respiration is not an 
accurate representation of soil biological recovery and other indicators should be used in 
tandem. WP and BP are precise and accurate methods, but may not accurately represent 
plant available-P for Australian native species. The issue of enhanced SSV and applicability 
of standard analytical methods are concurrently researched and considered in Chapters 6 
(ammonium-N) and 7 (water soluble-P and P-fractions).
1.4.6. Chapters 6 and 7 -  Measuring ammonium-N and plant available-P 
in mine soils
The precision and accuracy of analytical methods are known to be affected by enhanced 
SSV and have had little research (Chapter 3). Following the hypothesis and outcomes in 
Chapter 4, these two chapters focus on the accuracy and precision of two particular 
standard methods for enhanced SSV soils. Colorimetric methods are inexpensive, but can be 
less accurate than other methods due to chemical interferences (Helder and De Vries 1979; 
Mulvaney 1996; Nelson 1983; Schoenau and Huang 1991; Searle 1984; Sibbesen 1978; 
Soinne 2009). Enhanced SSV of mine soils potentially increase interferences in ammonium- 
N (Nelson 1983) and anion exchange membrane P (Hedley and Stewart 1982; Lajtha et al. 
1999) methods. These two chapters look at these methods when applied to enhanced SSV 
soils. The chapters consider variability within results, and if altering the methods can reduce
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the variability and thus improve precision of these techniques, specifically when used to 
examine mine soils. These chapters also consider the accuracy of these methods by 
correlating them with other currently available standard methods. The ability to undertake 
analysis of method accuracy on mine soils is critically examined in these chapters. These 
chapters were researched concurrently with Chapter 5.
1.4.7. Chapter 8 -  Conclusion
The conclusion provides a summary of the outcome of each chapter, a synthesis of all the 
chapters, including a discussion of the hypothesis, aims and objectives. The conclusion 
demonstrates that some standard methods can be used in the assessment of mine soils, 
whilst other methods are not accurate and not precise. Study limitations, research outlook 
and practical implications for mine managers are also included in the chapter.
1.5. Publication summary and candidate contribution
Research presented in this thesis was undertaken as part of my candidature for the 
degree of Doctor of Philosophy between 8th March 2008 and 10th October 2012. Chapter 2 is 
a contribution to published peer-reviewed scientific literature. Further discussion and 
research opportunities from Chapter 2, since the date of publication, are discussed in a 
chapter Afterword (Section 2-6). Chapter 4 is a descriptive chapter only, and will not be 
published. Chapters 3 ,5 and 6 are manuscripts awaiting submission to Journals. Chapter 7 
has been accepted for publication and In Press with CSSPA.
All of the chapters listed below are identical to the published or under reviewed works. 
This thesis includes the papers, in order of chapters:
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Chapter 2: Drake, ]A. Greene, RSB. Macdonald, BCT. Field, ]B. Pearson, G. 2010. A review 
of landscape rehabilitation frameworks in ecosystem engineering for mine closure. In. Eds. 
Fourie, A. Tibbett, M. Weirtz, ]. Proceedings of the V International Conference on Mine 
Closure. Vina del Mar, Chile, pg 241-249.
Chapter 3: Drake, JA. Macdonald, BCT. 20XX. All Mixed Up: Considering enhanced small- 
scale variation of mine soil in mine rehabilitation -  A review. Manuscript.
Chapter 6: Drake, JA. Macdonald, BCT. Fitzsimmons, L. Greene, RSB. 20XX. Precision of 
the Berthelot-salicylate ammonium-N method for use in gypsum-amended sodic 
heterogeneous mine soils. Manuscript.
Chapter 7: Drake, JA. Macdonald, BCT. Fitzsimons, L. 20XX. Precision of the anion 
exchange membrane phosphorus technique when using a range of low-ionic solutions in 
analysis of heterogeneous mine soils. Communications in Soil Science and Plant Analysis. In 
Press.
The research in its entirety, including laboratory work, experimental design, and 
development of methods, statistics, writing and analysis, presented in these publications 
was substantially (>90%) my own work. I am the corresponding author for each of these 
publications.
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2. Literature Review One: A review of landscape rehabilitation 
frameworks in ecosystem engineering for mine closure
"Indeed, with proper use of imagination it is clear that there is great scope fo r creative ecology 
in degraded habitats. Because the slate has been wiped clean there is a wide variety o f choices.” 
A.D. Bradshaw, 1983
Tailings at Barrick (Cowal) Gold Mine, 2008 (Photo: Jess Drake)
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2.1. Chapter Summary
This chapter looks at the bigger picture o f mining rehabilitation, and specifically ecosystem 
engineering. It considers currently available frameworks fo r ecosystem engineering and the 
development of a new framework fo r ecosystem engineering. There are currently no broad, 
overarching frameworks fo r developing tools fo r ecosystem engineering on a particular site. 
This theoretical framework has the potential to be used to enable the development o f site- 
specific tools fo r rehabilitation. Whilst being a contribution to scientific literature in its own 
right, it also provides an important overview fo r the thesis. The chapter demonstrates issues o f 
mine rehabilitation, and soil is ultimately part of this rehabilitation process. This chapter is a 
contribution to published peer-reviewed scientific literature. It has been reproduced in this 
thesis with the same content as when it was published, with some minor additions. Continued 
thought and discussion on this chapter post-publication is in the Afterword (Section 2-6).
2.2. Introduction
M ajor ecosystem d is rup tion  du ring  m in ing causes d ifficu lties  in res to ring  the area to a 
pre-m ine landscape. M in ing practices can resu lt in loss o f vegetation and fauna, soil 
degradation, a ltered hydro logy and landform s. Changes to landscape, w a te r sources and soil 
p roperties (Bradshaw 1983], may mean that the orig ina l ecosystem may not be suited to the 
new conditions (Bradshaw 1983; Gardner and Bell 2007; Hobbs and Harris 2001]. 
Therefore, it  becomes prob lem atic  to restore the ecosystem tha t was present pre-m ining. As 
an a lternative, an 'engineered ecosystem’ is created in a post-m ine landscape (Bradshaw 
1983; Bradshaw and H uttl 2001]. Engineered ecosystems are designed to evolve w ith  the 
new conditions on site. The aim o f an engineered ecosystem is to create a system which is 
self-sustaining and res ilien t (Bradshaw 1983; E lm qvist et al. 2003; Gardner and Bell 2007; 
Grant et al. 2007; Ruiz-Jaen and Aide 2005; Thompson and Thompson 2004]. For an 
ecosystem to survive long term  w ith o u t human interference, it  m ust be res ilien t to 
va riab ility , inc lud ing climate, by p rom oting  mechanisms such as b iod ive rs ity  (E lm qvist et al.
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2003). It must also be able to look after itself in the long term, including sufficient nutrient 
and water cycling and regeneration (Elmqvist et al. 2003; Grant et al. 2007). To achieve a 
self-sustaining and resilient ecosystem, complexity and ecosystem hierarchy need to be 
addressed.
Hierarchical complexity drives a resilient and self-sustaining ecosystem, yet this is also 
difficult to design and engineer. Bradshaw and Huttl (2001) argue that successful 
restoration of a minesite is dependant on whole of ecosystem rehabilitation. Planning for 
abiotic and biotic factors and the dynamics between them is important for successful 
rehabilitation (Bradshaw 1984; Hobbs and Harris 2001). An ecological hierarchy (Figure 
2-1) describes the complex dynamics of ecosystem components and their reliance on each 
other (Dale and Beyeler 2001). Plants and animals are reliant on soil and water, whilst soil 
and water will not exist without landform, geology and climate. Therefore, with more 
components there are also more interactions and thus increase in the complexity of the 
ecosystem (Dale and Beyeler 2001; Spain et al. 2006). These dynamic interactions and 
complexity make the ecosystem resilient to changes and able to support itself. This 
complexity can be difficult in the process of designing and engineering an ecosystem 
(Bradshaw and Huttl 2001). Without a reference ecosystem as an aim for mine 
rehabilitation, it is difficult to determine what components are required and what 
complexity is necessary for the engineered ecosystem.
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Increasing
Complexity Human
Fauna
Hydrology and 
Water Quality
Climate Landform^ Geology
Figure 2-1 Hierarchy of ecosystem components leading to increased complexity. Adapted from 
Jeanes (1998)
Previous research breaks the com plexity o f ecosystems in to  four key features: 
landscape, function, s tructu re  and com position (LFSC) (E lm qvist et al. 2003; Loch et al. 
2006; Ruiz-Jaen and Aide 2005; Tongway and H indley 2004). LFSC s im plifies ecosystem 
components (Figure 2-1) in to  four key features tha t can be found in any ecosystem (Figure 
2-2). Like Figure 2-1, it  also demonstrates ecological h ierarchy, dynamics and increasing 
com plexity  (Dale and Beyeler 2001). Together all the key features form  a complex, self- 
sustaining and res ilien t ecosystem.
LFSC considers all ecosystem components in any type o f ecosystem, and is therefore 
ecosystem independent. Components o f any ecosystem can be included in to  each o f the key 
features. Landscape includes landform  features, w a te r sources, clim ate and geology. 
Function considers biogeochemical cycling; the cycles in the system w hich maintain 
biological life, inc lud ing w a te r and n u tr ie n t cycles (Ruiz-jaen and Aide 2005; Tongway 
1990). S tructure considers the components o f habitat, succession and p roduc tiv ity  (Ruiz-
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]aen and Aide 2005), such as soil, litter, vegetation structure, habitat features (logs, rocks 
etc) and macro and micro organisms. Composition is the biodiversity and resilience of the 
system (Ruiz-jaen and Aide 2005). LFSC can be used in the broad sense to describe any 
ecosystem, or can include discreet ecosystem components within the framework. This may 
include describing forest, agricultural, aquatic or other natural or man made environments. 
It also has the potential to describe an engineered ecosystem.
Frameworks for rehabilitation must consider the severity of landscape change. 
Frameworks can be used to simplify planning and implementation of mine rehabilitation. 
State and Transition Models (STM) have previously been considered by Alcoa in mine 
rehabilitation (Grant 2006; Koch 2007b). STM's are designed using a reference ecosystem 
and rehabilitation planning and practice aims towards the reference conditions (Grant 
2006). There is varied research in STM’s usefulness for understanding rehabilitation in 
disturbed ecosystems. Yates and Hobbs (1997) considered that STM’s can demonstrate 
multiple paths for succession towards the aimed ecosystem; this being most important in 
areas with disturbance. Grant (Grant 2006) also found that STM's could be used in bauxite 
mine rehabilitation. When a STM was used successionally with a trajectory towards a 
reference ecosystem (Jarrah Forest), it was able to demonstrate undesirable rehabilitation 
pathways and allowed for adaptive management. However, Gardner and Bell (2007) discuss 
that heavy disturbance from bauxite mining often means true reference ecosystem 
rehabilitation can not be achieved, and that a self-sustaining ecosystem should be the aim. 
This was supported by Koch (2007) who suggested that the end ecosystem will not reach 
reference ecosystem conditions due to specific changes in climate, hydrology and flora 
composition as a result of bauxite mining or other environmental changes, such as climate 
change. This implies that STM's can be used in areas with a small amount of disturbance or 
can be used as an indicator and adaptive management tool in context of successional 
change. However, STM's are not as useful in rehabilitation contexts where significant 
disturbance has occurred and trajectory ecosystems are unknown.
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Biogeochemical Cycling
Landscape
Climate, Landform, Geology
Figure 2-2 LFSC building blocks for increasing complexity and a self-sustaining and resilient 
ecosystem (Elmqvist et al. 2003; Ruiz-Jaen and Aide 2005; Tongway 2005; Tongway and Hindley 2004)
LFSC has the potentia l to be used as a fram ew ork in m ine rehab ilita tion . Spain et al. 
(2006] describes the 'uncerta in ty  o f tra jec to ry ' tha t can occur when rehab ilita ting . As 
engineered ecosystems have no specific reference ecosystem to use in the design process, 
recreating com plexity o f a system w ith  no baseline can be problem atic. Problems occur in 
the design, im plem entation and dete rm in ing  the end po in t o f the ecosystem. This is due to 
the lack o f a reference cond ition  in which rehab ilita ted conditions can be compared. Spain et 
al. (2006) suggests undertak ing stages o f rehab ilita tion  as one option  to l im it the risks o f 
failed attempts. Therefore, m ine rehab ilita tion  requires a model tha t can be undertaken in 
stages, is flexible, adaptable, and can be im plem ented w ith o u t a specific reference 
ecosystem. U tilis ing  LFSC in understanding ecosystem com plexity can po ten tia lly  s im p lify  
the design process fo r engineering ecosystems. LFSC has the potentia l to be used as a tool in 
ecosystem design, due to ecosystem specific independence and adap tab ility  to non-specific 
end po in t conditions. Tongway and H indley (2004), Tongway (2005), Ludw ig et al. (2003), 
along w ith  Loch et al. (2006; 2008) have previously identified  fram ew orks that include 
aspects o f LFSC and tiered or step approaches as a means o f s im p lify ing  rehab ilita tion  
planning, practice and m onitoring . Therefore, a fram ew ork based on LFSC princip les may
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po ten tia lly  be viable fo r use in a m ine rehab ilita tion  context. To dem onstrate how mines are 
cu rren tly  considering LFSC in th e ir rehab ilita tion  practices, tw o  Austra lian case studies w ill 
be reviewed; Alcoa Bauxite Mines in W estern Austra lia  and Barrick (Cowal) L im ited 's Gold 
Mine in New South Wales. These examples w ill also dem onstrate i f  a fram ew ork  from  LFSC 
princ ip les w ould  be effective fo r rehab ilita tion  p lanning and practice w ith in  the Austra lian 
m in ing  industry. The LFSC fram ew ork w ill then be introduced, along w ith  suggested 
m on ito ring , considerations and benefits.
2.3. LFSC in Rehabilitation Practice
2.3.1. Alcoa Bauxite Mines
Through in-house and independent research, Alcoa bauxite mines in W estern Austra lia  
have shown to consider LFSC in rehab ilita tion  planning, practices and m on ito ring . Research 
tha t has been published in Restoration Ecology, specifically regarding th is m ine site, was 
examined fo r th is analysis. This includes research on the long term  m on ito ring  o f the site, in 
some instances up to 30 years w o rth  o f continuous data collection (M ajer et al. 2007), on 
key aspects o f ecosystem recovery, inc lud ing soil biology, soil nitrogen, specific p lan t and 
anim al surveys etc. It also includes papers on Alcoa’s own critica l analysis o f the success o f 
m ine rehab ilita tion  (Koch and Hobbs 2007).
A lthough Alcoa do not use a fram ew ork  based on LFSC as part o f th e ir rehab ilita tion  
strategy, they inheren tly  consider aspects o f LFSC in the ir p lanning and practices. Alcoa 
includes practical steps to reshape the landscape, m in im al s tockp iling  o f soil to reta in 
func tiona lity , re tention  o f habita t features, revegetation fo r s tructu re  and com position, and 
m on ito ring . P rio r to m ining, soil was stripped and stockpiled in small piles to m ainta in  
b iologica l ac tiv ity  (Jasper 2007; Koch 2007a). This was along w ith  re ten tion  o f wood and 
rocky debris fo r habita t reconstruction (Koch 2007a). A fte r m in ing  the site was reshaped to 
f it  na tura l landform s (Gardner and Bell 2007), w ith  topsoil respread over the landscape.
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Erosion protection was considered in respreading soil (Koch 2007a) to ensure landform 
stability. Restoring functionality to the site included considering the use of fertilisers, In­
fixing species and leaf litter in restoring nutrient cycling (Grant et al. 2007), as well as 
considering soil biology (Bell et al. 2003; jasper 2007). Structure and composition was 
considered through research into soil seed stores, propagation of species, restoring coarse 
woody debris and rock habitats (Gardner and Bell 2007). Alcoa uses a range of LFSC 
indicators as part of their monitoring program. This includes use of Landscape Function 
Analysis (Tongway and Hindley 2004), chemical and biological nutrient cycling indices 
(Grant et al. 2007; Majer et al. 2007) and species that form part of Structure and 
Composition (Koch 2007b; Koch and Hobbs 2007).
2.3.2. Barrick Cow a I Gold Mine
Barrick (Cowal) Limited's Gold Mine (CGM) also considers LFSC principles in 
rehabilitation. CGM is located near West Wyalong, in New South Wales, Australia. Like Alcoa, 
mine rehabilitation practices outlined in CGM’s plans (Ryan 1998) naturally consider LFSC, 
without specifically using a LFSC framework. CGM is actively researching geotechnical 
stabilisation and soil functionality, whilst considering structure and composition in the long­
term. Research undertaken by Summerfield (2006) considered elements of landscape by 
determining methods of ecological and physical landform stabilisation. Smits (2008) 
considered improving both landscape and functionality of the site through the application of 
soil mulch amendments. Indices of functionality were determined using Landscape Function 
Analysis and landscape stability measured with rill surveys (Tongway and Hindley 2004). 
The rehabilitation practices aimed to reduce localised erosion, and improve nutrient and 
water cycling for revegetation, therefore improving landscape stability and functionality of 
the site (Smits et al. 2010). There is continued research into restoring ecosystem functions 
(Drake et al. 2010b) and how to measure indicators of functionality in altered soils (Drake et 
al. 2010c) (see Chapter 7) on trial rehabilitation sites. Other internal and external work has 
been undertaken on site to consider landform, including reports and research into the
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s tab ility  o f landform s, w a te r ways and considering c lim atic effects. The long-term  
rehab ilita tion  plans o f the site include consideration o f s tructu ra l and com positional 
ecosystem components (Ryan 1998). This includes the preservation o f surround ing  habitat, 
recreating hab ita t features and a faunal management plan during  m ine operation fo r 
preservation o f native fauna. Endemic flora species from  the site have been recorded, w ith  
seed collection and propagation tria ls  underway.
Both o f these case studies dem onstrate inheren t consideration o f LFSC princ ip les in 
m ine rehab ilita tion  p lanning and practice. The mines are using princip les o f LFSC w ith in  
th e ir own rehab ilita tion  strategies. This is independent o f differences in m in ing practices, 
environm ent, and fram ew ork. The use o f the princip les by the mines demonstrates tha t 
LFSC has the potentia l to be used as a fram ew ork  in d iffe ren t landscapes and under 
ind iv idua l m ine rehab ilita tion  conditions. Therefore, fo rm alis ing a fram ew ork using LFSC 
princ ip les is possible w ith in  a m ine rehab ilita tion  context.
2.4. A framework for rehabilitation 
2.4.1. LFSC framework
From LFSC princip les, ?. practical th ree-tie red fram ew ork  can be developed fo r m ine 
rehab ilita tion . A rehab ilita tion  fram ew ork  (Figure 2-3) has been adapted from  Tongway 
(2005) to include planning, practical stages o f rehab ilita tion , m on ito ring  and adaptive 
management. Stages include, 1) Geotechnical, 2) Function, 3) Composition and Structure. 
The overa ll goal o f the three-stages is fo r the new ecosystem to adapt to the env ironm en t 
and reach a self-sustaining and res ilien t ecosystem. The LFSC fram ew ork  fo r rehab ilita tion  
is designed to be successionally im plem ented over tim e and can be used to plan and 
im p lem ent rehab ilita tion  at all stages o f m ining; proposal, operational, cessation. The 
fram ew ork  can be filled out according to site-specific conditions. During the mines 
operation, the fram ew ork can be used fo r im plem enta tion  through a series o f stages. Hobbs
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and Harris (2001) as w ell as Loch and Lowe (2008) discuss the need for stages in 
rehab ilita tion . Each stage acts as a bu ild ing  block, or h ierarchy o f com plexity in an 
ecosystem, towards the goal ecosystem.
Self-Sustaining and 
Resilient Ecosystem
Stage 3: Structure 
and Composition
Fauna, Flora, Habitat
Stage 2: Functions
Water and Nutrient Cycling
Stage 1: Geotechnics
Stability: Climate, Landform, Geology
Minesite
Figure 2-3 Ecosystem Dimensions (LFSC) as a Framework for Rehabilitation. Adapted from Tongway 
(2005).
Each stage o f LFSC im proves conditions tow ards the aim o f achieving a self-sustaining 
and res ilien t ecosystem. When using the LFSC Fram ework, the Geotechnical Stage 
concentrates on stab ilis ing  the m ined landscape. Unstable landscapes mean continual loss o f 
resources inc lud ing soil, nu trien t, w a ter loss and continual b iological degradation. The 
continual flows and loss o f resources to external environm ent lim its  biogeochemical cycling, 
and thus lim its  establishm ent o f flora and fauna (Tongway 1990). Therefore, s tab ility  o f the 
site is the crucial f irs t stage o f rehab ilita tion , before bio logy can be re in troduced (Tongway 
and H indley 2003). Site stab ilisa tion  may include s tab ility  o f man-made structures, 
re instatem ent o f w a te r and landform  features, consideration o f changes in local climate 
(drought, m icroclim ate), and changes in exposing geology to c lim atic  features (AMD, 
sa lin ity ) and altered hydro logy (ground and surface w ater in teractions). Once the site is
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stable, functions can be re in troduced (Functional Stage). Biogeochemical cycling on the site 
can be k ick-started by respreading soil and u tilis ing  organic and chemical amendments 
(Carro ll et al. 2000; Cox and W heland 2000; Grigg et al. 2006; Schwenke et al. 2001a). 
B iological inoculants (Jasper 2007), cover crops (Sum m erfie ld 2006), N -fix ing species 
(Gardner and Bell 2007; Grant et al. 2007) can all be considered in p rom oting  n u tr ie n t 
cycling. When there is su ffic ien t w a te r and p lant available n u tr ie n t pools, the S tructure and 
Com position Stage can be undertaken. This includes revegetation, restoring  hab ita t features, 
re in troduc ing  fauna, im prov ing  s truc tu ra l components and b iod ivers ity . As each stage is 
undertaken, the ecosystem becomes more complex, and is closer to being a self-sustaining 
and res ilien t ecosystem. However, de te rm in ing  when the goal has been achieved requires 
m onitoring , evaluation and adaptive management.
2.4.2. Monitoring, evaluation and adaptive management of framework
M onitoring , evaluation and adaptive management is critica l in m ine rehab ilita tion .
Previous research has identified  the need fo r a systematic method fo r m on ito ring , such as a 
fram ew ork, tha t covers all ecosystem features and aims at dem onstra ting  a self-sustaining 
and res ilien t ecosystem (Thompson and Thompson 2004). Rehabilita tion, m in ing 
operations and m onitoring , evaluation and adaptive management (MEAM) should be 
undertaken concurren tly  in the lifecycle o f the m ine (Figure 2-4). M on ito ring  should also be 
used to determ ine the effectiveness o f rehab ilita tion . This can be b u ilt in to  the fram ew ork 
fo r m ine rehab ilita tion . Goals or Key Performance Indicators (KPI’s) (Loch et al. 2006) fo r 
each stage o f the LFSC fram ew ork could be used as an ind ica to r fo r effectiveness of 
rehab ilita tion . Ludw ig et al. (2003), Ruiz-Jaen and Aide (2005) and Dale and Beyeler (2001) 
have p reviously suggested using surrogates o f LFSC in m onitoring . This has also been 
im plem ented by Alcoa (Koch and Hobbs 2007), w ith  tw o ind icators chosen from  Function, 
S tructure and Composition. The exact tools chosen fo r m on ito ring  w ou ld  be site specific, 
and based on goals or KPl's o f each stage (Loch et al. 2006). An example o f possible indices 
chosen fo r m on ito ring  includes ind ica tors o f s tab ility  in Stage One. This may include
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indicators of erosion, water quality, soil stability and run-off control, all measured over time 
(Loch et al. 2006). The information collected from monitoring can then be evaluated to 
demonstrate the effectiveness of rehabilitation, the need to re-evaluate and reconsider 
practices, and if the site is ready for the implementation of the next stage. This allows for 
adaptive management and ensures the most effective methods for rehabilitation are being 
undertaken.
Monitoring would become more complex over time, and together would demonstrate 
rehabilitation success. As additional stages of rehabilitation are undertaken, additional 
monitoring would also occur. Additional monitoring may include Landscape Function 
Analysis for Functionality (Tongway and Hindley 2004), biodiversity and structural 
complexity surveys for Structure and Composition, such as Ecosystem Function Analysis 
(Lacy et al. 2010; Tongway and Hindley 2003) or defined fauna surveying (Thompson and 
Thompson ND). The combined monitoring and evaluation would aim to demonstrate a) if 
the ecosystem is able to support itself without human interference and b) that it is able to be 
resilient to changes. Loch et al. (2006) consider that when all KPI’s or goals are met, that the 
site has been successfully rehabilitated. Similarly, when all goals for the LFSC framework 
have been met, the site has been successfully rehabilitated.
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Monitoring, Evaluation and 
Adaptive Management
Rehabilitation
Self-Sustaining and 
Resilient Ecosystem
Stage 3: Structure 
and Composition
Everyday Mining 
OperationsStage 2: Functions
Water and Nutrient Cycling
Stage 1: Geotechnics
Stability: Climate, Landform, Geology
Figure 2-4 Rehabilitation, Mine Operations and M onitoring and Adaptive Managem ent (MEAM) 
should be undertaken simultaneously. Adapted from Tongway (2005 ).
2.4.3. Considerations and benefits
There are both benefits and considerations tha t resu lt from  the potentia l
im plem enta tion  o f a LFSC fram ew ork w ith in  the m ine industry. The need fo r a fram ew ork  
which is independent o f ecosystem has been previously iden tified  (Hobbs and Harris 2001; 
Koch and Hobbs 2007; Loch etal .  2006; Loch and Lowe 2008; Tongway and H indley 2004) 
and the case studies (CGM and Alcoa) demonstrates tha t the LFSC fram ew ork supports 
cu rren t Austra lian m in ing rehab ilita tion  practice. Regulators in Austra lia  have been 
considering a standard approach to m ine rehab ilita tion , m on ito ring  and success of 
rehab ilita tion  (Thompson and Thompson 2004). The m ine closure strategies by Austra lian  
and New Zealand M inerals Councils (2000) and the Austra lian Federal Government 
(D epartm ent o f Industry  Tourism  and Resources 2006) are an example o f governm ent and 
indus try  beginn ing to consider the need fo r fo rm alis ing approaches to staged rehab ilita tion  
and closure.
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The LFSC framework is independent of environment and end-points, promotes planning, 
practice and monitoring. It also has the potential to provide consistency throughout the 
industry and provide a basis for continued innovation. Koch (2007a) demonstrates the need 
for adaptive management in a mine context for ensuring successful rehabilitation. The 
ongoing MEAM process means practices can be adapted to ensure successful rehabilitation 
and consider new research and data. The framework can be used for a whole of site 
approach, be implemented over time, as well as being used on particular areas of the mine. 
LFSC frameworks can also be used in conjunction with modelling and could form part 
Bayesian networks, post-mining land use models (Soltanmohammadi etal. 2010), Natural 
Resource Damage Assessment for remediation and rehabilitation (Burger 2008) and other 
modelling tools. The LFSC framework also has the potential to be developed into a Decision 
Support System for mine rehabilitation planning and practices, expanding on work such as 
Chen etal. (2007) or Metago's Sustainability-Based Mine Closure Framework (McPhail and 
George 2010). Due to the frameworks independence from specific ecosystems, it can be 
utilised in a range of restoration and rehabilitation activities.
Although the Framework is non-site specific, individual site research is critical. Site 
research would include planning; defining ecosystem components as part of the stages in 
the framework; rehabilitation practices; and discreet goals for monitoring. Determining 
parts of the framework should be undertaken as part of ongoing planning and adaptive 
management, with in-house and independent research and feedback from monitoring. 
Considerations should be made regarding interlinking components within the framework 
stages. For example, research has shown that vegetation can be used in stabilisation, 
functions and structure/composition (Koch 2007b; Loch 2000; Smits et al. 2010). Therefore, 
the type of practices undertaken may help in achieving several goals within each Stage of 
the framework. However, in some cases practices may interfere in later rehabilitation 
stages. For example, cover-crop species used may outcompete or cause weed problems for 
native plants (Huxtable et al. 2005). Economic, cost effectiveness and cultural aspects are
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not addressed in the framework, and will need to be considered in rehabilitation planning 
(Spain et al. 2006). Further development of the framework is necessary to include more 
specific steps, such as Worrall et al. (2009) or current industry frameworks (Australia 
2000). This would include case study use of the framework, implementation with other 
tools, and consideration of economic and social aspects.
2.5. Conclusion
There needs to be a rehabilitation framework available to the mining industry that 
considers flexibility, staged implementation, monitoring and adaptive management, and is 
ecosystem non-specific. Current rehabilitation frameworks and methods do not always 
consider the establishment and design of an engineered ecosystem. Frameworks should 
consider ecosystem complexity and significant changes to the environment as a result of 
mining practices. Key features of ecosystems include Landscape, Function, Structure and 
Composition (LFSC). These four key features can be found in any ecosystem, and are 
independent of environment. Barrick (Cowal) Limited's Gold Mine and Alcoa's Western 
Australia bauxite mines have demonstrated the use of LFSC principles in rehabilitation plans 
and practice. This demonstrates that mines are already inherently considering LFSC and we 
can formalise approaches through the development of a 3-Stage Framework for 
Rehabilitation. This includes a Geotechnical, Functional, and Structure and Compositional 
stages for planning, practice, monitoring and evaluation. All stages build on each other, with 
the final outcome being a self-sustaining and resilient ecosystem. Monitoring and evaluation 
through use of the framework is critical in understanding the success of rehabilitation. This 
allows for adaptive management and drives rehabilitation success. Both previous research 
and the mining industry support the use of LFSC in rehabilitation. Benefits of framework 
implementation include industry consistency, use of models and ongoing research, 
flexibility and monitoring of goals. LFSC frameworks have the potential to be developed as a 
tool for mining and other landscape rehabilitation and restoration activities.
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2.6. Afterword
After the publication of this Chapter, there has been continued thought and development 
of this framework. This includes some more specific definition of terms, the importance of 
soil within the framework, the consideration of chemical remediation. In addition, it also 
includes a consideration of other frameworks previously not addressed in the originally 
published material. Further research questions arising from the development of this 
framework are in Chapter 8.
2.6.1. What is ecosystem engineering? And why is soil important?
Ecosystem engineering is the construction of a man-made ecosystem, which may or may
not reflect a specific natural, agricultural or other ecosystem (Bradshaw 1983; Bradshaw 
and Huttl 2001). It is an ecosystem that is designed for a specific site, and designed with a 
specific purpose in mind. Often the aim of such an ecosystem is to be self-sustaining and 
resilient. A self-sustaining ecosystem is one that has the ability to maintain itself without 
human management (Elmqvist et al. 2003; Grant et al. 2007). This includes features such as 
nutrient cycling, plant replacement etc. Resilience of an ecosystem is its ability to withstand 
extreme events, including fire, flood and drought (Elmqvist et al. 2003). The ecosystem 
should be diverse enough that it has different species and functions to deal with events, such 
as species that are able to regenerate immediately after fire.
Within ecosystem engineering, and this framework (Figure 2-3 and 2-5), soil has an 
important role. Soil forms part of geotechnics, functions, structure and composition of an 
ecosystem. Figure 2-1 demonstrates the connectedness of components within an ecosystem, 
and the dependence and reliance of all components. Like wise, it also demonstrates the 
importance of soil within an ecosystem hierarchy. Without soil, one could argue using 
Figure 2-1, that hydrology, flora, fauna and humans would not exist. As argued in the above 
sections (Section 2-4), soil is an essential component of ecosystem stability, water and 
nutrient cycling, ecosystem structure and composition of any engineered ecosystem. It could
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be argued that soil is essential to stabilise a site, provide a medium for plant growth, a 
habitat for macro- and micro- biology, act as a nutrient and water conduit etc, and thus has a 
role in all aspects of rehabilitation. Soil, and its key features, would undoubtedly be 
monitored in rehabilitation, as both Loch (2006) and Tongway (2004) also suggest (see 
Section 2.4.2) through monitoring soil functions (nutrients, biology) and stability (erosion 
indicators). The importance of monitoring soil, and the issues associated with monitoring 
mine soils, is the focus for Chapters 3-7.
2.6.2. Considering chemistry in the framework
The LFSC framework developed in Chapter 2 (Figure 2-3) also needs to consider an
additional step: Chemical and Hydrological (Figure 2-5). This new framework includes the 
stages of Chemical and Hydrological, Geotechnical, Function Structure and Composition 
(CGFSC). This additional step would address issues of chemical contamination, including 
heavy metal contamination and acid mine drainage (Alvarenga et al. 2008; Grant et al. 2002; 
O'Dell et al. 2007; Uresk and Yamamoto 1986), as well as other environmental contaminants 
and their appropriate amelioration and remediation strategies. Chemical contamination is 
known to affect biological recovery of sites (Babalonas et al. 1997; Ginocchio et al. 2004; 
Maestre et al. 2006; Wiegleb and Felinks 2001), and should always be the first step in 
planning for mine closure and rehabilitation. As the hydrology transports the contaminants, 
and can affect revegetation and groundwater, it is important to also consider the hydrology 
in the first stage of rehabilitation (Buczko and Gerke 2005a; Hangen and Gerke 2007; 
Loomer et al. 2007; Schneider et al. 2010). Thus the first stage of rehabilitation should be to 
assess the chemistry and groundwater contamination on the site, or to use previously 
conducted assessments to determine the best approach to contamination issues.
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Self-sustaining and 
resilient ecosystem
Stage 1: Chemiealand Hydrological
Amend: Heavy metals, contaminants, acid drainageMine site
Stage 3: Functions
Waterand Nutrient Cycling
Stage 2: Geotechnics
Stability: Landform, Hydrology
Stage 4: Structure 
and Composition
Flora, Fauna and 
Habitat
Figure 2-5: Stages for mine rehabilitation: chemical and hydrological, geotechnics, functions, 
structure and composition (CGFSC). Stages are key building blocks for an increasingly complex and a 
self-sustaining and resilient ecosystem. Adapted from (Elmqvist et al. 2003; Ruiz-Jaen and Aide 2005; 
Tongway 2005; Tongway and Hindley 2004).
2.6.3. Are there other frameworks available?
There are on ly a few fram ew orks available tha t tha t consider ecosystem engineering.
The lite ra tu re  in Chapter 2 on ly considers a handful o f fram ew orks fo r m ine rehab ilita tion . 
W ith  fu rth e r research, it was determ ined tha t there are only a few add itiona l fram ew orks to 
those m entioned in Chapter 2 tha t ho lis tica lly  consider issues o f ecosystem engineering. 
These include: the landscape ecological p lanning and design (LEPD) (W ang et al. 2001]; 
m ined land su ita b ility  analysis (MLSA), which uses logical reasoning fo r determ in ing post-
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mine land uses (Soltanmohammadi etal. 2010); landscape metrics specifically considered 
for rehabilitation, across a range of landscapes (Herzog etal. 2001; Park etal. 2011); and, 
quantitative monitoring with no reference conditions (Brewer and Menzel 2009).
These frameworks, however, only partially consider the issues involved in ecosystem 
engineering. The LEPD framework is guided by landscape ecology principles. LEPD does 
include ecosystem functions, the spatial structure of ecosystems and specific units within 
the ecosystem. It does not, however, consider ecosystem engineering, ecosystem aims and 
monitoring, and the need to stabilise landscapes post-mining -  the issues discussed in 
Chapter 2. Meanwhile, the MLSA framework (Soltanmohammadi et al. 2010), landscape 
metrics (Herzog et al. 2001; Park et al. 2011) and monitoring with no reference sites 
(Brewer and Menzel 2009) could be adapted for use in conjunction with the LFSC 
framework developed in Chapter 2. They could be used as a logical means of identifying 
engineered ecosystems for a mine site, and for ongoing monitoring of ecosystem 
rehabilitation. To the best of the author's knowledge, there are no other frameworks that 
consider ecosystem engineering in peer-review literature.
The range of frameworks and tools discussed in this thesis, along with the LFSC 
framework, need further critical assessment to determine if they can cover realistic issues in 
mine rehabilitation. All frameworks and tools used in mining rehabilitation should be 
tailored for site-specific rehabilitation goals (Box 1996). Not all frameworks will be 
appropriate to all mine sites, just as state and transition models are not necessarily 
appropriate for mining rehabilitation when aiming towards a new-engineered ecosystem. 
Further research should focus on applying and adapting these tools on a range of mine sites 
with a range of realistic rehabilitation aims and on-ground challenges.
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3. Literature Review Two: Considering enhanced small-scale 
variation of mine soil in mine rehabilitation -  A review
"... here is an environmental problem fo r which solutions are available and one to which ... 
have an important contribution to make."
On mine rehabilitation, soils and revegetation, A.D. Bradshaw, 1983
Stockpiled topsoil and waste materials at Barrick (Cowal) Gold Mine (Photo: Jess Drake)
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3.1. Chapter Summary
This chapter introduces the overarching theme of this thesis; enhanced small-scale 
variation (SSV) of mine soils in mine rehabilitation. Taking the form of a literature review, it 
first introduces and defines small-scale variation. The chapter then describes how mine soil 
management causes enhanced SSV and how SSV directly and indirectly inßuences 
rehabilitation outcomes. Management of mine soils to limit the issues associated with 
enhanced SSV are also considered. Finally, this chapter identifies areas that require further 
research, some of which are examined in the following chapters. This includes the need to pre­
survey mine soils (Chapter 4), analytical methods to assess mine soils (Chapters 5, 6 and 7), 
choosing appropriate statistics (Chapter 5) and rehabilitation treatments (Chapter 5).
3.2. Introduction
With ever-increasing demand for mineral products (Access Economics Pty Limited 
2008; Kesler 2007), there also comes a continued need to restore and rehabilitate mined 
land. The rehabilitation of mine land is directly and indirectly influenced by enhanced small- 
scale variation (SSV) in mine soil. Variation in soil characteristics, such as pH and nutrients 
(Manderscheid 2003) and soil biology (Rodriaguez-Molina et al. 2000), at the small 
(centimetre) scale are known to influence the diversity of habitat and species (Wiegleb and 
Felinks 2001), and the richness and competition of ecological communities (Maestre etal. 
2006). Since the SSV of soils is enhanced by mining practices (Dollhopf 2000; Schafer et al. 
1980; Sencindiver and Ammons 2000), it and can affect similar aspects of ecosystems in 
mine rehabilitation.
Soil is critical in mine rehabilitation, and its components directly influence rehabilitation 
outcomes. Soil underpins ecosystem rehabilitation (Wali 1999), with many studies e.g. 
(Drake et al. 2010a; Grant 2006; Grant et al. 2007; Nichols and Grant 2007) showing that
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using topsoil in rehabilitation promotes the restoration of ecosystem stability, functions, 
structure and composition at mine sites. The mechanical actions required to stockpile soils 
can lead to the mixing of multiple types of materials (Abdul-Kareem and McRae 1984; Grant 
et al. 2007; Hunter and Currie 1956; Ussiri and Lai 2005), including different soil types, 
horizons, waste and organic materials, resulting in enhanced SSV (Dollhopf 2000; 
Sencindiver and Ammons 2000).
Enhanced SSV is the increase in variation of soil chemical, biological and physical 
characteristics on the 0-100cm scale. The properties of in situ soils vary both with depth and 
change in horizons, as well as over distance [Dollhopf 2000; Sencindiver and Ammons 
2000). Mining processes cause disturbance of soils, resulting in a decrease in variation over 
distances of 100-1000 metres and increase in variation in distances of between 0-100 
metres, when compared to in situ soils (Dollhopf 2000). Sencindiver and Ammons (2000) 
found that variability in mine soils increased in 0-10m distances as compared to in situ soils, 
and was directly related to the management of soil on the mine sites. The nature of this 
variation is site-specific depending on processes and management ofthat particular site. 
Whilst some mines have no significant variation in their mine soils, others may have one 
meter of soil with very different biological, physical and chemical properties to the adjacent 
one meter of soil (Dollhopf 2000; Sencindiver and Ammons 2000). Other sites are known to 
have enhanced variation at the centimetre scale, where one centimetre of soil has very 
different biochemical properties to an adjacent centimetre (Becker et al. 2006). Given these 
different definitions, this paper will assume that enhanced SSV in mine soils refers to the 0- 
100cm scale of soil.
This increased variation is known to affect the stability of mine landscapes and re­
development of soil functions (Hunter and Currie 1956). This impacts on the development 
of structure and composition of ecosystems in mined landscapes (Grant 2006; Grant et al. 
2007; Nichols and Grant 2007), and thus the components of the larger ecosystem (Boener
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and Koslowsky 1989; F itzjohn et al. 2002). In th is way, SSV can d irec tly  shape the 
developm ent and outcome o f m ine rehab ilita tion .
Enhanced SSV can also create d ifficu lty  in assessing m ine soils, which can then in d ire c tly  
influence rehab ilita tion  outcomes. When assessing the chemical, b iological and physical 
characteristics o f enhanced SSV soil, the varia tion  in m ateria ls can cause high va ria tion  and 
low  precision (Cookson e ta l. 2008; Dalai 1998; Harris 2003; Ross and Cairns 1981). SSV can 
also cause inconsistent interferences in measurements, leading to inaccurate and im precise 
results e.g. (Ussiri and Lai 2005; W illiam son and Johnson 1990a). High variance in data sets 
can also create statistica l e rro rs  when not appropria te ly  investigated. D o llhop f (2000) and 
Sun et al. (2010) po in t out the need fo r specific analytica l methods, sam pling strategies and 
statistics fo r enhanced SSV soils. This is to ensure re liable results and effective rehab ilita tion  
strategies and outcomes.
A lthough there is considerable lite ra tu re  on how to consider landscape-scale (m eter -  
k ilom etre ) soil va ria tion  in m ine rehab ilita tion  e.g. (Banning et al. 2008; Hobbs and Harris 
2001; Todd et al. 2000a; Todd et al. 2000b) and in in -s itu  soil landscapes e.g. (Beckett and 
W ebster 1971; McBratney 1992; W ebster 2008), few mines or researchers have previously 
examined the exp lic it ro le and management o f SSV in m ine rehab ilita tion  e.g. (Baumann et 
al. 2005; Ginocchio et al. 2004; Hunter and Currie 1956; W iegleb and Felinks 2001). The 
au thor notes tha t there has been no rev iew  o f the lite ra tu re  regarding SSV in m ine soils and 
rehab ilita tion . Using lite ra tu re  tha t focuses on small-scale va ria tion  (at the centim etre 
scale), th is paper aims to determ ine w hat management causes SSV. The paper then 
discusses how SSV d irec tly  and ind irec tly  affects rehab ilita tion  outcomes and associated 
management strategies. The paper then c ritica lly  examines the lite ra tu re , observing the 
need fo r a s ign ificant am ount o f fu ture  research. To solve some o f the problem s o f SSV, this 
paper also uses applies po ten tia lly  re levant research tha t has been undertaken on larger 
landscape-scale varia tion.
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3.3. Mining practices and SSV
Stripping, m ixing o f soil and undesirable materials, and stockp iling  are m ine soil 
management practices tha t enhance SSV o f soil characteristics (Figure 3-1). These 
management strategies have a d irect effect on soil chemical, physical and biological 
properties. These effects flow  onto both the outcome o f rehab ilita tion  (Figure 3-1), and our 
understanding o f the soil through standard characterisation procedures (Koch 2007b; Koch 
and Hobbs 2007; T ibbe tt 2010).
Stockpile
Management
Undesirable
Components
Measuring Soil
Stripping
Management
Rehabilitation
Outcomes
Enhanced Small- 
Scale Variation
Figure 3-1: Stripping and stockpile management and undesirable components affects variab ility  of 
materials, which can have direct flow-on effect to rehabilita tion outcomes, and soil measurements. Soil 
measurements that are inaccurate and imprecise, or have high variance may be misleading, and can 
fu rther influence decision making and rehabilita tion outcomes.
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3.3.1. Stripping management
The process involved in the stripping and stockpiling of soils enhances SSV of mine soils 
(Figure 3-1). The mechanical actions involved in the stripping of soils results in the 
inclusion of multiple materials in stockpiles (Abdul-Kareem and McRae 1984), and so the 
stockpiles can include different top and sub soils, as well as mine waste, organic, rock and 
regolith materials. The SSV of mine soils is increased through the mechanisation of soil for 
stripping and stockpiling, mixing and combination of these multiple materials (Abdul- 
Kareem and McRae 1984; Grant etal. 2007; Hewgill 1986; Ussiri and Lai 2005). Overall, the 
soils in the stockpiles are found to have more variation in their properties when compared 
to the original, in situ soils (Dollhopf 2000).
3.3.2. Undesirable components
The SSV of mine soils can also be increased through the mixing of undesirable materials 
(Figure 3-1). Undesirable materials can sometimes be included into stockpiles through 
management practices, stripping and stockpiling practices, accidents or operator error. 
Undesirable components can include geological materials such spoil and regolith materials 
excavated on the mine site. They can also include soil, organic (vegetation debris) or 
inorganic (metal and plastic) material.
All of these materials are undesirable as they are known to have properties that may 
negatively shape rehabilitation outcomes e.g. (Buczko and Gerke 2005a; Loomer et al. 2007; 
McFee et al. 1981). For example, this include materials that have: readily available heavy 
metals (Alvarenga et al. 2008; Grant et al. 2002; O'Dell et al. 2007); highly sodic and/or 
saline properties (Carroll et al. 2000; Grigg et al. 2006; Voorhees and Uresk 1990); poor 
physical properties, including poor infiltration and crusting (Alvarenga etal. 2008; Carroll et 
al. 2000); high acidity or alkalinity (Alvarenga et al. 2008; Uresk and Yamamoto 1986); a 
lack of beneficial organisms (Ingram et al. 2005; Seaker and Sopper 1988a); low levels of 
organic matter (Alvarenga et al. 2008; Seaker and Sopper 1988b); high rock fragment
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content (McFee et al. 1981; Ussiri and Lai 2005); and low  levels o f p lant available nu trien ts
(Alvarenga et al. 2008; Grigg et al. 2006; Voorhees and Uresk 1990). The inclusion o f these 
m ateria ls not only enhances SSV through increased m ixing o f materials, bu t the properties 
o f these m aterials de trim en ta lly  affect rehab ilita tion  outcomes. This is discussed in 
fo llow ing  sections.
3.3.3. Stockpile management
Stockpile management can also increase SSV (Figure 3-1). The size o f the stockpile  can 
cause both aerobic and anaerobic conditions, leading to the zonation o f m ateria ls (Figure 
3-2) (H arris  et al. 1989) based on critica l exposure to atm ospheric oxygen. The depth o f the 
stockpile at which zonation occurs depends on compaction, soil m ineralogy and m oisture 
(Abdul-Kareem  and McRae 1984; Harris etal. 1989), though a typical depth w ould  be > lm  
(H arris etal. 1989)(F igure 3-2).
Figure 3-2: Zonation of stockpile m aterials (aerobic, transitional and anaerobic) w ith  depth and 
exposure to atm ospheric oxygen, and its associated characteristics. Adapted from Harris et al. (19 89 ).
Zonation o f m ateria ls can resu lt in: increased available am m onium -n itrogen (N) w ith  
reduced nitra te-N  (Ross and Cairns 1981; Schwenke etal. 2001a; W illiam son and Johnson 
1990b); increased methane, carbon d ioxide and decreased organic carbon (C) (Abdul-
Aerobic Zone:
• Compared to control, greater bacteria, 
anaerobes, spores and ammonium, and 
less microbial biomass,
• Seeds in this zone will germinate
TransitionZone:
• Fluctuates between anaerobic and 
aerobic and may collect nitrate
• Lower microbial biomass
Anaerobic Zone:
• Bacteria, fungal spores and microbial 
biomass most affected
• Large proportion of spores and anaerobes
• Organic carbon becomes labile
• Weed seeds persist
• Iron, manganese and copper are more 
available with time
45
Chapter Three: L ite ra tu re  Review Two
Kareem and McRae 1984; Ingram etal. 2005); increased dissolved organic C (W illiam son 
and Johnson 1990b); decreased available-Phosphorus (P) (H unter and Currie 1956); a 
la rger popula tion o f am m onium -N  and anaerobic biota re la tive to surface dw e lling  biota 
(W illiam son and Johnson 1990b); greater counts o f dead and inactive bacteria, biomass and 
fungal hyphae (H arris  etal. 1989; Jasper 2007; W illiam son and Johnson 1990a); increased 
bu lk  density (M ille r and Cameron 1976; Tom linson 1980) and, increased hydrogen sulphide 
(H ew gill 1986). As th is zonation o f m ateria ls changes the properties o f the soil based on 
depth (Figure 3-2), the SSV is enhanced th roughou t the stockpile.
3.3.4. Characteristics of SSV in disturbed mine soils
There are typ ica l characteristics o f enhanced SSV tha t resu lt from  m ine soil
management, and these characteristics are listed in Table 3-1. These characteristics are 
iden tified  as being typ ica l conditions fo r these soils. The exact characteristics o f SSV in any 
m ine soil are m ine site specific. In general, the m ixing o f soils increases SSV of: soil chemical 
p roperties  (Hew gill 1986; W ick et al. 2009b); cation concentrations (M ille r and Cameron 
1976); soil physical properties and clays (H ew gill 1986; M ille r and Cameron 1976); and soil 
b io logica l p roperties (W illiam son and Johnson 1990a). These characteristics d irec tly  affect 
the outcome o f m ine rehab ilita tion  and the assessment o f m ine soils (F igure 3-1).
Table 3-1: Typical characteristics of enhanced SSV mine soils and references. The exact nature of the 
SSV with any mine soil is mine site specific.
Typical characteris tics o f enhanced SSV soil References
Uneven spread o f o rganic m ate ria l, w h ich  d ire c tly  in fluences the  
va ria tio n  o f soil b io logy and va ria tion  in C:N ratios
(Schafer e t al. 1980; Visser e t al. 1984; W ick e t al. 2009b; 
W illiam son  and Johnson 1990a)
Increased va ria tion  in soil aggregation (W ick e t al. 2009b)
Increased va ria tion  in am m on ium -N  and n itra te -N (Ross and Cairns 1981; W illiam son  and Johnson 1990b)
Areas o f unusually high anaerobic soil (Abdul-Kareem  and McRae 1984)
Increased va ria tion  in pH (Daniels and Z ipper 1988; Haering e t al. 2004; Ussiri e t al. 2006a)
Increased va ria tion  in su lphuric  zones (Schafer et al. 1980)
Rock fragm ents  m ore variab le (Schafer e t al. 1980)
Increased va ria tion  in soil physical p rope rties  and clays (Hewgill 1986; M ille r  and Cam eron 1976)
Increased va ria tion  in ca tion  concen tra tions (M ille r and Cam eron 1976)
Inclusion o f undesirab le  characteristics e.g. (Alvarenga e t al. 2008; G rant e t al. 2002; O 'Dell e t al. 2007; 
Ussiri and Lai 2005)
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3.4. How does SSV influence soil measurements and rehabilitation 
outcomes?
As mentioned, enhanced SSV influences rehabilitation outcomes directly and indirectly 
[Figure 3-1). The nature of the variation can directly shape ecosystem development, whilst 
also affecting the outcomes of mine soil assessment [Figure 3-1). The use of an un-calibrated 
method can result in misleading results due to poor estimation of the mean [accuracy) and 
high variance [poor precision) [Sun et al. 2010). The use and interpretation of data from 
these methods can have a flow-on effect to rehabilitation management decisions, thus 
indirectly influencing ecosystem development [Figure 3-1).
3.4.1. How does SSV influence ecosystems?
SSV is known to affect all ecosystem components, and the overall structure of an
ecosystem. Specifically, SSV is known to shape the structure [e.g. height of trees) [Gunter et 
al. 2009; Vogel 2010), function [e.g. biogeochemical cycles and nutrient availability) 
[Eldridge and Greene 1994; Gunter et al. 2009; Vogel 2010) and composition (biological 
diversity) (Eldridge and Greene 1994; Ginocchio et al. 2004) of both natural (non-man 
made/disturbed) and rehabilitated ecosystems. In ecosystem-soil research, Ludwig et al. 
(2000) discusses that variation of in situ soils at the small-scale, such as soil moisture and 
nutrients, has a flow-on effect in shaping the biogeochemical cycles and biodiversity of 
organisms that live at the same scale. As a function of ecosystem hierarchy, this flow-on 
effect is noted at multiple ecosystem scales - both smaller and larger than the observed 
centimetre scale (Ludwig et al. 2000). Therefore, if there is heightened or undesirable 
variation of materials at the small scale, such as in mine soils, this is likely to affect 
functions, ecosystem structure and diversity at the larger scale.
In this way, enhanced SSV can affect the hierarchy and overall outcome of mine 
ecosystem rehabilitation. For example, localisation of different species of soil biota is known 
to occur with SSV. Different communities can be 1cm apart due to the variation of materials
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associated with mixing in stockpiles (Becker et al. 2006]. Then, if we use Ludwig's research 
and the hierarchy of rehabilitation in Drake et al. [2010a] (Chapter 2], we can assume that 
the effect on soil biology from SSV will have a flow-on effect. This includes localised and 
larger scale effects to soil functions (water and nutrient cycling], which would modify the 
composition (plant and animal species] and structure of the rehabilitated ecosystem at 
multiple scales. Thus enhanced SSV of mine soils has the potential to influence the outcome 
of the shape, structure and functions of a rehabilitated ecosystem. Some examples of the 
effects that enhanced SSV can have on the outcome of rehabilitation are discussed below, 
with specific reference to mine site revegetation.
3.4.2. SSV influences rehabilitation outcomes
The SSV of soil properties is known to affect revegetation success, species variety, and
the overall ecosystem structure of mine site rehabilitation. Revegetation, for example, is an 
essential part of ecosystem rehabilitation, and often used as an indicator in rehabilitation 
monitoring (Koch 2007b; Lacy et al. 2010; Loch et al. 2006; Tongway and Hindley 2003].
Soil that becomes anaerobic during storage has been shown to negatively influence plant 
establishment and growth (Langford et al. 2004; Leech and Keys 2003] in comparison to 
areas where aerobic stockpiled soils have been respread and plants recover quickly 
(Williamson and Johnson 1990b]. Pockets of undesirable materials can lead to isolated areas 
of poor revegetation (Dollhopf 2000]. This includes limited root penetration in areas with 
poor physical properties (Szota et al. 2007], poor growth and recruitment in pockets of soil 
affected by heavy metals (Ginocchio et al. 2004], and the selective choice of plant species 
through root-soil interactions (Maestre etal. 2006; Wiegleb and Felinks 2001]. The 
influence of SSV, being either undesirable or desirable characteristics, is known to affect 
overall revegetation success, species and ecosystem structure in mine site rehabilitation 
(Babalonas et al. 1997; Ginocchio et al. 2004; Wiegleb and Felinks 2001]. In contrast, 
Baumann etal. (2005] found that mine soils dominated with lignite fragments were
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beneficial in the colonisation of mycorrhizae, and as water and nutrient stores for roots.
This led to greater root penetration and species survival. Enhanced SSV can therefore be 
both detrimental and beneficial in revegetation of mined landscapes.
The inclusion of undesirable materials in mine soils and the associated enhanced SSV 
(Figure 3-1] can lead to environmental contamination influencing mine rehabilitation 
outcomes. Mine rehabilitation usually includes a requirement for the mine to have no 
negative long term impact on the surrounding environment (Box 1996; Bradshaw 1997; 
Tibbett 2010], and this can be difficult to manage with enhanced SSV. For example, the SSV 
of mine materials has been found to contribute to variation in localised soil hydrology 
(Buczko and Gerke 2005a; Fitzjohn et al. 2002; Gerke et al. 1998]. Depending on the 
chemical properties of materials, this can result in increased levels of available heavy metals 
and acid mine drainage (Loomer et al. 2007] that is also difficult to isolate due to increased 
variation. The characteristics of the materials at the small-scale can also increase erosion 
risk at the larger scale when sodic and unstable materials are in the soils (Fitzjohn et al. 
2002]. Williams and Johnson (1990b; 1994b] found that where anaerobic stockpiled soils 
were respread over the landscape, there was an increased risk of excess denitrification, 
nitrate leaching and groundwater contamination.
Full consideration of SSV can potentially limit negative environmental contaminant and 
revegetation results, and improve rehabilitation outcomes. The revegetation and chemical 
amelioration of a mine site will have a flow on effect to the overall shape of the rehabilitated 
ecosystem (Drake et al. 2010a]. Therefore, sites that consider the effects of SSV, have good 
revegetation outcomes and no environmental contaminates can be assumed to have a better 
rehabilitation outcome than the converse. Other aspects of ecosystem development (fauna, 
nutrient cycling, soil biology etc] and their interaction with enhanced SSV mine soils are 
currently not covered in the literature. It is assumed, however, that given flow-on effects
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(Ludwig et al. 2000], that SSV would affect other ecosystem components and rehabilitation 
outcomes. This is one potential avenue of further research.
3.4.3. Variation influences outcomes of soil characterisation methods
Enhanced SSV can influence the outcome of soil chemical, physical and biological soil
characterisation in several ways. Firstly, a laboratory analytical method may be accurate at 
estimating a mean, however, the enhanced SSV causes greater variance in results reducing 
the precision of the measurement. Standard measurements used for nitrate and ammonium- 
N have high variance when applied to mine soils (Ross and Cairns 1981], which reflects the 
enhanced SSV. There is a known positive correlation between C and soil biology (Anderson 
1982; Degens 1998; Mummey et al. 2002], and this directly increases variation in 
microbiology measurements (Mummey et al. 2002], including phospholipid fatty acid 
analysis (PLFA] (Harris 2003]. The increased texture variation with enhanced SSV (Hewgill 
1986; Miller and Cameron 1976) can cause a higher or lower extraction rates of microbial 
biomass carbon (MBC), soil biological communities, and C content of soil. This in turn affects 
variance and thus precision of MBC and respiration measurements (Banning et al. 2008; 
Cookson et al. 2008; Dalai 1998; Harris 2003; Jasper 2007; Martens 1995).
Enhanced variation of heavy metals also increases variance of soil biology 
measurements; where differences between community structures could be < 1cm apart 
depending on the heavy metals present in the materials (Becker et al. 2006). Provided that 
the underlying characteristics of the soil do not interfere in enhanced SSV mine soil 
measurements, then these measurements are accurately representing the mean and the 
variation of the soil properties. In these cases, greater sample numbers are needed to reduce 
the variance and improve the precision of the measurement.
Secondly, enhanced SSV may create inconsistent interferences in laboratory analytical 
methods, which then cause imprecise and/or inaccurate results. Ussiri and Lai (2005) found 
that measurements of organic C fractions were inaccurate and imprecise in some mine soils
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due to the inclusion of undesirable materials that include C, such as lignite. They also 
suggest that the analytical and sampling method may also enhance variation of C 
measurements, and that a standardised procedure that considers the issue of undesirable 
materials and the enhanced SSV of the mine soil should be developed to minimise variation 
in the data set (Ussiri and Lai 2005). Williamson (1990a) found that the unintentional 
inclusion of dead bacteria and spores, as a result of stockpiling practices and depth of 
stockpile, may also increase the inaccuracy of MBC measurements. For example, a sample 
from the surface stockpile will have less dead biology and more active biology than a sample 
in the middle of a stockpile. However, the inclusion of the dead biology may make them 
appear to have the same MBC. Therefore, specific methods that consider the underlying 
enhanced SSV and its role in creating inconsistent interferences need to be developed or 
employed if already available.
The outcomes of standard methods for analysing mine soils may be misleading, and if 
not carefully considered, false conclusions regarding rehabilitation plans can have a flow-on 
effect on the overall outcome of rehabilitation (Figure 3-1). To the best of the author’s 
knowledge, there has been no research on the accuracy and precision of any standard soil 
microbiology and chemical measurements as applied to enhanced SSV soils, other than 
those referenced.
Additionally, the wide ranges in mine soil characteristics create difficulty in choosing 
uniform management. If the high and low extremes from the mean are not considered, then 
favourable and unfavourable conditions for plant roots (Manderscheid 2003), plant heights 
and species (Gunter etal. 2009), and sodic or heavy metal contaminated soils (Dollhopf 
2000) may not be fully understood and thus go unmanaged. This includes determining 
appropriate choices of ameliorants for the soils (Daniels and Zipper 1988; Hunter and 
Currie 1956; McBratney 1992). Hunter and Currie (1956) found that enhanced SSV reduced 
the effectiveness of fertiliser inputs and physical stability of the rehabilitated site, leading to
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poor revegetation in some areas. Conversely, pockets of soil that have good characteristics 
for plant growth may receive unnecessary amelioration (Baumann et al. 2005). These 
issues related to sampling, method choice and statistics are discussed in greater detail in the 
following sections, with the ultimate aim of improving the robustness of methods and data 
for management decisions.
3.4.4. Variation can cause misleading statistical analysis
SSV can result in high coefficients of variation and standard deviation, and increased
heterogeneity of variances in data sets. If not appropriately addressed, this can produce 
Type I or II errors, where the hypothesis is either incorrectly rejected or incorrectly found 
to be true. Such errors, as mentioned previously, can result in misleading outcomes 
regarding rehabilitation outcomes and options (Figure 3-1) and ultimately affect 
rehabilitation of the ecosystem. Data analysis needs to be undertaken with consideration of 
variance, whilst also determining sampling patterns and surveys, and sizes to ensure 
robustness of results.
The majority of research on the role of soil in mine rehabilitation e.g. (Anderson et al. 
2008; Huxtable et al. 2005; Lorenz and Lai 2007; Shukla and Lai 2005; Shukla et al. 2004; 
Ward 2000) has acknowledged that enhanced SSV in mine soil needs consideration in 
statistical analysis. These papers choose sample numbers or replicates that consider 
variation by using CV or other heterogeneity of variance tests, also making transformations 
of the data to ensure homogeneity of variances. This ensures that any subsequent statistical 
modelling (ANOVA, regressions, t-tests, LSDs etc) of the data does not produce Type I or II 
errors.
Other research, however, fails to accurately demonstrate how variance caused by SSV 
was considered in data analysis. Although research is undertaken on enhanced SSV soils, the 
papers do not sufficiently describe how they have considered the effect of enhanced SSV in 
their statistical analysis or sampling regime (e.g. (Bell et al. 2003; Ghose and Kundu 2004;
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Kelly 2008; Monterroso et al. 1999). In some cases the authors have stated that SSV may 
have affected the outcomes of their statistical modelling (Ghose and Kundu 2004), but do 
not explain why or how, or if it was considered in their sampling and data analysis. Other 
papers partially describe consideration of heterogeneity of variances in their statistical 
analyses, through either transformations, CVs of testing homogeneity of variances e.g.
(Akala and Lai 2001; Mercuri et al. 2006; Ussiri et al. 2006a; Ussiri et al. 2006b; Wick et al. 
2009a). These papers, however, do not necessarily demonstrate, either with data or details 
of specific statistical methods (CV, transformations, testing homogeneity of variances), how 
heterogeneity of variances has been considered. The lack of information in published 
research makes it difficult to determine if there has been sufficient data transformation, or 
consideration of variance, heterogeneity of variances and testing to reduce the chance of 
Type I and II errors, and the outcomes of these studies may be misleading. To ensure robust 
results, and informed decision-making, it is essential that the statistical methods used 
account for these potential variances.
3.5. How can mines manage small-scale variation of mine soil?
Enhanced SSV can be managed in order to limit both its direct and indirect effects on 
rehabilitation outcomes. This can be potentially achieved through: careful management of 
soil; sampling strategies; appropriate statistical analysis; method choice and calibration; and 
rehabilitation implementation trials that consider SSV.
3.5.1. Mine site management of soils
Although there has been no specific research on management practices to reduce SSV,
current practices and on-ground management of mine soils have the potential to minimise 
SSV. Stripping and stockpiling can be managed to reduce mixing of soils and materials. Pre­
mine soil surveys can be undertaken prior to stripping and stockpiling (Bell 2001; Koch 
2007a). These can then be used to plan stripping and stockpiling in separate locations, 
based on soil types, horizons, material type or other relevant characteristics (Hewgill 1986),
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and to avoid the mixing of different soils and materials in one stockpile. Koch (2007a) 
recommends two layers of stripping, at depths of 0-15cm and >15cm, for example. Pre­
survey of mine soils can also be used to inform land managers of natural SSV, and this issue 
is discussed in the following section.
Stockpiles should not only be signposted with what materials they are, but also if they 
contain any soil borne pathogens (Colquhoun and Kerp 2007), and other important 
properties such as undesirable characteristics. Schwenke (2001b) suggests that no waste or 
undesirable materials should be added to stockpiled soils, where practical. This should most 
certainly include acid forming materials, as discussed above. This also reduces their 
potential negative impact on revegetation and environmental contamination. During 
rehabilitation, individual stockpiles can be respread in their original sequence (Bell 2001; 
Hewgill 1986; Tibbett 2010) to recreate natural horizons, as is undertaken in the 
rehabilitation of bauxite mines (Bell 2001; Koch 2007a).
To avoid the effect of variation caused by stockpile zonation (aerobic, anaerobic and 
transitional), storage management should be planned for each stockpile. The mineralogy of 
the soil also affects the depth at which such changes occur (Abdul-Kareem and McRae 1984) 
and this should be considered when designing size of stockpiles. As a general rule, Hewgill 
(1986) suggests that stockpiles should be no more than lm  tall to avoid compaction and 
formation of anaerobic zones, thus potentially limiting the enhancement of SSV. Shallow 
(<lm) revegetated stockpiles are known to maintain better soil chemical and biological 
characteristics when implemented on mine sites (Bell etal. 2003; jasper 2007; Tibbett 
2010), with 60cm vegetated stockpile materials optimal for maintaining soil properties for 
later use in rehabilitation (Elliot and Reynolds 2001). Moving soil more than twice (once to 
stockpile and once for respreading) is known to increase the destruction of aggregates 
(Wick et al. 2009b), and should therefore be avoided. Minimal or no storage (respreading 
soil as soon as possible) and with minimal handling has been found to be important in the
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success of bauxite mine rehabilitation in Western Australia [Koch 2007b; Koch and Hobbs 
2007; Tibbett 2010). Regular monitoring and the minimisation of heavy machinery impact 
on stockpiles [Elliot and Reynolds 2001) are also essential strategies for retaining viable soil 
for rehabilitation.
Although there has been, to the authors knowledge, no published literature on the 
effectiveness of these management practices to reduce SSV, the methods presented in this 
paper are widely used throughout the mining industry. They are specifically known, in the 
industry, as methods for avoiding the mixing and zonation of materials in stockpiles. As they 
avoid both of these factors, these management practies have the potential to reduce SSV.
The effectiveness of these management strategies on minimising SSV are areas worth 
further thought and research.
Whilst strip mining in bauxite mines allows the replacement of soil immediately or with 
short storage times [Bell 2001; Tibbett 2010), negating issues of enhanced SSV through 
management strategies, this is not always possible for all mines. Mines that have limited soil 
management options or constrained storage conditions may not be able to effectively 
manage soil to limit enhanced SSV. These mines include: mines with small operating and 
storage space; mines that are unable to use soil in progressive rehabilitation; and legacy 
mines that have already mixed materials. Some management of soils at these sites may be 
possible, including limiting heavy machinery use, the movement of soil, and the number of 
lifts in a stockpile [Elliot and Reynolds 2001). However, other alternative strategies, 
discussed below, are also needed to manage SSV for rehabilitation and soil characterisation.
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3.5.2. Sampling and bulking mine soils
Certain sampling strategies can be used to reduce variance in soil analyses, improve
estimation of the mean soil characteristics, and reduce issues associated with the statistical 
analysis of data with high variance ratios. Agbu and Olsen (1990), Dollhopf (2000) and 
Bouma (1985) all describe the need to undertake initial soil property sampling and analysis 
to understand site variation prior to other research, and that it is imperative for accurate 
soil survey results. This may be in the form of a pre-mine survey (as discussed above) or as 
a pilot study on sites that do not have sufficient pre-mine data. In cases where pre-mine 
soils surveys can occur, intensive sampling using geostatistical designs (Webster 2008) can 
be used to inform managers of natural soil variation. These intensive surveys can be used to 
inform sampling designs of the post-mine soils, as well as inform the degree of increased 
SSV in mine soils, and associated management strategies discussed in the following sections.
Where pre-mine surveys cannot occur, including in mines that are already operational 
or defunct, geostatistics have been successfully applied as a way to survey mine soils with 
increased SSV. Dollhopf (2000) is the most comprehensive piece of research regarding 
sampling regimes for mine soils, and includes a thorough review of the geostatistic and 
landscape-scale variation literature with specific application to mine soils with high SSV. A 
sampling design can be developed using a pilot analysis, so as to consider the bias in 
sampling methods (Dollhopf 2000). Dollhopf (2000) suggests trying several sampling 
designs, such as random, systematic, systematic random and systematic transects in 
combination with kriging and semivariograms to determine further sampling regimes. So 
far, however, this has only been undertaken on the 0-100 meter scale.
Mummey et al. (2002), Gerke (2001) and Becker et al. (2006) have successfully used 
geostatistics on a small-scale on mine sites to deal with issues of enhanced variation, and 
importantly to survey sites where there is increased SSV from acid forming materials (Gerke 
et al. 2001). As geostatistics have been successfully used on some minesites to deal with
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enhanced SSV, they could also be applied to other mine sites. Thus, these systematic 
approaches to sampling and analysis have the potential to be standardised across the 
industry and can be used at the 0-100cm, l-100m and kilometer scales. Their potential 
application in analysis of these soils is discussed below.
Sampling numbers can also be determined using a pilot study or pre-mine soil survey 
data. When undertaking pilot or pre-mine studies, Dollhopf (2000) and Agbu and Olsen 
(1990) suggest using analysis of variance (ANOVA), standard deviation (SD), acceptable 
error, coefficient of variation (CV), and coefficient of non-determination to understand 
variation when determining sample numbers. The number of samples can then be 
determined using post-hoc power analysis that considers the variation at the site (Dollhopf 
2000). Statistical differentials have also been used to determine variability of soil organic 
carbon (Schwager and Mikhailova 2002), and provide further information regarding sample 
numbers. The precision of variation estimates is dependent on both the statistical method 
used and the sampling density (Agbu and Olson 1990), and this should be considered in the 
outcome of the post-hoc power analysis.
As an alternative to increasing sample numbers, the bulking of soil also reduces the 
variance resulting from enhanced SSV, but does not consider extreme values that may affect 
rehabilitation outcomes. Bulking is a method used by soil scientists in survey and analysis to 
reduce variation (McKenzie etal. 2008), and can be used with caution on soils with high SSV. 
Bulking mine soil (Brown and Grant 2000; Dollhopf 2000; Williamson and Johnson 1990a) 
and purposefully homogenising mine soil (Visser etal. 1984) prior to analytical analysis are 
two methods that have been used as a way to reduce variance and improve estimation of the 
mean for chemical and biological soil properties. Bulking can work to reduce variation in 
soil analysis where either a pre-mine survey can be used to inform sampling regimes, or 
where undesirable attributes are unlikely to be an issue in rehabilitation.
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Bulking does not w o rk  when an understanding o f the variance is essential fo r the 
rehab ilita tion  activ ity , p a rticu la rly  when there are undesirab le characteristics present. 
Bulk ing can result in false negatives (D o llhop f 2000) or positives in soil analysis, and can 
reduce the range o f high- and low- measured characteristics. This can result in 
m is in fo rm ation  about to x ic ity  and p lan t available nu trien ts  (Dieffenbach and Matzner 
2000), which has flow  on effects to whole site rehab ilita tion . In cases where there may be 
undesirable characteristics, an in-depth p ilo t survey tha t does not include bu lk ing  should be 
considered. This can be used to undertake a risk assessment. A risk  assessment can be used 
to determ ine i f  there is a high risk from  undesirable characteristics. I f  there is low  risk  from  
these components, then bu lk ing  can be used. I f  risk  is high, then intensive sam pling (high 
sample numbers) should be undertaken on all m ine soils to be tte r understand how  to 
manage the risk.
Increasing sample num bers instead o f bu lk ing needs careful consideration. The increase 
o f sample numbers, w ith o u t considering the high or low  ranges o f the characteristics, may 
resu lt in s im ila r problem s to bulking. I f  ranges are not considered, then undesirable 
characteristics go un-noticed. In addition , it may not be practical fo r m ine site managers to 
sample at a high rate. In these cases, some o f the a lte rnative  sam pling strategies, in 
com bination w ith  sta tistica l analysis, mentioned below  may be more appropria te  than 
bu lk ing  o r increasing sam pling numbers.
3.5.3. Statistical analysis of mine soils
A w ide range o f s ta tistica l methods can be used to resolve the issue o f variance caused
by enhanced SSV. Pre-m ine and p ilo t studies can in fo rm  statistica l m ethod choice. They can 
be used to assess the degree o f SSV in the soil, or like ly  to be in soil w ith  stockpiling, through 
transform ations, testing fo r heterogeneity o f variances and CVs. This in fo rm a tion  can then 
be used to in form  statistica l method choice. For example, i f  CVs are low  and data is normal,
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then ANOVA can be used. If CVs are high and data is heterogenous, then alternatives can be 
sought.
Methods that do not rely on normalised data can also be applied to data with high 
variation, such as data sets acquired from SSV mine soils. Webster (2008) suggests that non- 
parametric methods that do not rely on normalised data may be useful in soils with high 
heterogeneity of variances. Such methods may include multivariate statistics, and 
generalised linear models (GLMs) including restricted maximum likelihoods (REML), when 
factors are also being analysed for effects. Cluster and factor analyses, such as the related 
principal components analysis (PCA), conducted prior to ANOVA, have also been used to 
analyse soils that have high levels of heterogeneity (Gunter et al. 2009). Cluster analyses 
compare points within a dataset, and thus the variation within the set is not relevant in its 
analysis. Factor analyses, like PCA, use the variation in a dataset of correlated variables.
Geostatistics, as discussed above for use in sampling strategies, can be used as 
statistical methods in enhanced SSV soils (Becker et al. 2006; Dollhopf 2000; Mummey et al. 
2002). Geostatistics are widely acknowledged as a statistical and sampling method to deal 
with variation in soil across landscapes e.g.(McBratney 1992; McKenzie et al. 2008; Webster 
2008). Dollhopf (2000) reviews the literature on geostatistics, and applies it to a mine soil 
and SSV context. He explicitly mentions the use of geostatistics as a sampling and analysis 
tool for mine soils high in SSV, both reducing samples required, and appropriately treating 
small-scale spatial variation of samples. Dollhopf’s (2000) research is supported by 
Sharmasarkar et al. (1999), whom agrees that geostatistics can be used to reduce sample 
numbers for understanding nitrate-N where there is substantial SSV. O’Connell etal. (2000) 
further supports the use of geostatistics, by considering sampling for different 
characteristics at their most appropriate scale, and then using geostatistics in their analysis.
Geostatistics, however, is limited by the need for a physical location in which to 
reference samples. The location of samples in a map forms part of the analysis of the soils,
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and therefore geostatistical survey needs to be undertaken in the first instance. Whereas the 
non-parametric methods described above do not require physical location. These methods 
can be applied to surveys without physical location data, and that retrospectively need to 
consider non-normal data sets.
In addition, the diversity of statistical techniques that can be used for data, particularly 
data high in variation, also questions the reliability and uniformity of outcomes for 
explaining mine rehabilitation. Whilst these methods have been suggested as being useful 
for analysing soils high in variation, small-scale characterisation of soils and SSV, there have 
been no studies comparing statistical methods in mine soils.
3.5.4. Adapting and calibrating soil methods
Methods should be calibrated and adapted or new methods developed, in order to more
accurately and precisely measure SSV soils. Choosing the right methods for soil 
characterisation (chemical, biological or physical) and assessment is essential to limit 
variance (Bouma 1985; Fournier et al. 1994) and improve the precision and accuracy that 
otherwise may be reduced by SSV. Both pilot studies and initial pre-mine surveys can be 
used to assess the variation in particular methods, and inform method choices, accuracy and 
precision.
The application of soil physical methods to enhanced SSV mine soils has had substantial 
research. Due to the risk of acid forming materials, the development of appropriate soil 
physical methods for enhanced SSV mine soils has been essential (Aggelopoulos and 
Tsakiroglou 2008; Schneider et al. 2010). These methods were developed after determining 
the limited accuracy and precision of more traditional standard methods as applied to 
enhanced SSV soils (Buczko and Gerke 2005a; Schneider et al. 2010). These methods 
include: qualitative methods such as mapping heterogeneity with photography (Buczko and 
Gerke 2005a); two-dimensional hydrology modelling approaches (Buczko and Gerke 
2005b); using neutron radiation and tomography for identifying flow paths in high SSV mine
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soils (Badorreck et al. 2010); micro-lysimeters for studying drainage (Schneider et al.
2010); and specialised soil hydrological models that consider different scales of 
heterogeneity (Buczko and Gerke 2005b; Gerke et al. 2001; Nezhad et al. 2011). The 
development of new methods for enhanced SSV characterisation may also be required for 
analysing soil chemical and microbiological properties.
There has been some work undertaken on methods used to measure small-scale (0- 
100cm) chemical properties of in situ soils, and these may be applicable to enhanced SSV 
soils. Techniques used to examine the role of SSV in soils with regards to its connection to 
plants, include: micro lysimetry (micro-suction cups) and micro- extraction techniques to 
assess the role of micro-heterogeneity and implications of plant root development (Gottlein 
and Matzner 1997; Gottlein and Stanjeck 1996); X-ray micro- analysis (Gottlein and Stanjeck 
1996; Vogel 2010); microinjection 1CP and capillary electrophoresis (Gottlein and Matzner 
1997); visible, short wave and near infrared technology (Kopackova et al. 2009); scanning 
electron kicroscopy and scanning transmission electron microscopy (Loomer et al. 2007);
3D imaging (X-ray and CT) (Otten et al. 2010); and macroscopic soil core analysis (Gunter et 
al. 2009).
These methods have been known to help assess plant growth, propagation and 
development (Dieffenbach and Matzner 2000; Ginocchio et al. 2004), and with calibration 
and development may enable a better assessment of enhanced SSV soil properties and 
rehabilitation outcomes. The impacts of enhanced SSV in mine soils, however, have not been 
thoroughly considered with regards to the accuracy and precision of measuring plant- 
available nutrients, nor other standard soil chemical methods e.g. (Rayment and Lyons 
2010; Robertson et al. 1999; Sparks 1996). This is an area for further development and 
research.
Soil biological methods, when applied to enhanced SSV soils, also need to consider the 
potential effect that underlying variation of the materials may have on the accuracy and
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precision of methods. Andreasen et al. (2001) and Harris (2003) discuss the need to choose 
soil biological methods that show responses to rehabilitation, but that these responses can 
be clearly differentiated from natural variation, such us underlying enhanced SSV. Combined 
soil biology measurements, such as concurrently undertaking composition, biomass, 
respiration measurements, are known to be better in showing meaningful differences in soil 
biology with restoration activities (Harris 2003). Rodriaguez-Molina et al. (2000) and 
Mummey et al. (2002) make the point that soil biology is naturally heterogeneous, and that 
biology within a soil sample is representative of that sample alone and not of the greater 
soil. Soil biology will always be difficult to measure, regardless of sampling regime, method 
or scale of measurement (Mummey et al. 2002). There is currently no literature available on 
the most appropriate soil microbiological method for enhanced SSV soils, and this needs 
additional research.
3.5.5. Considering variation in implementation
SSV can also be managed during rehabilitation implementation. Soil that was located
deep in the stockpile requires a longer time period for inactive biomass (fungal and 
bacteria) to become active after respreading (Williamson and Johnson 1990a). Given this, 
anaerobic soils may require inoculation of soil biology (Bell et al. 2003). Plants that have 
root morphologies, which are able to deal with variable soil conditions, such as Eucalyptus 
marginata should be preferentially planted (Szota et al. 2007). Anaerobic soil will have a 
rapid loss of C and nitrate-N (Williamson and Johnson 1994b), and mulching may be 
considered to improve nutrient balances and restoration (Bendfeldt et al. 2001).
Organic amendments (OA) have been successfully used on mixed mine soils for 
improving chemical and biological conditions of mixed spoil and soil materials (Seaker and 
Sopper 1988a; Seaker and Sopper 1988b). As each site is unique, trials should be 
established to determine the most effective OA, implementation and amendment strategy 
for the mixed mine soil. Trials should include monitoring of soil biological, chemical and
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physical characteristics in combination with biotic (plants) and abiotic (heavy metals, acid 
mine drainage) factors. The sampling designs, analytical methods, and statistical analysis 
methods outlined in this review should be considered when undertaking rehabilitation 
trials. This will enable accurate and precise measurements of the soils and reliable 
information on rehabilitation outcomes.
3.6. Current limitations in understanding enhanced SSV mine soils
As has been discussed, the literature demonstrates that enhanced SSV directly and 
indirectly affects rehabilitation outcomes. This review has found that there have been few 
peer-reviewed studies that actually consider how to approach the direct and indirect 
influence that SSV has on rehabilitation. There is a lack of research on how enhanced SSV 
affects ecosystem components and the overall outcome of a rehabilitated ecosystem. There 
are few studies on methods used to characterise mine soils - including sampling, survey 
design, and analytical and statistical methods. All of these issues need further evaluation, 
and should be combined to form standard guidelines for mine soil survey for scientists, 
researchers and mine managers.
The lack of appropriate guidelines for the characterisation and survey of enhanced SSV 
mine soils limits any standardisation of approaches, as well as the ability to undertake 
reliable and repeatable measurements. Standardised approaches to measuring and 
characterising these soils can limit the negative affects SSV has on rehabilitation outcome, 
by providing more reliable results for management decisions. Although mine soils have 
been considered in formal taxonomy e.g. (Isbell 1996; Soil Survey Staff 1999), classification 
of the soils does not include any detailed criteria that can be applied to mine soils.
Classification tools for mine soils should focus on a taxonomy that provides a practical 
tool for determining use of mine soil materials (Sencindiver and Ammons 2000; Thurman 
and Sencindiver 1986). A range of authors suggest the need to consider the chemical and 
physical properties of mine soils in taxonomy and classification, specifically for mine
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management and rehabilitation purposes (Elliot and Reynolds 2001; Fitzpatrick and 
Hollingsworth 1994; Galbraith 2004; Haering et al. 2005; Indorante and jansen 1984; Naeth 
et al. 2012; Sencindiver and Ammons 2000; Showalter et al. 2007). They consider including: 
acid forming materials, pH, sodicity, rock, mottling and salinity, heterogeneity, in addition to 
critical soil properties such as depth and texture. None of these classification systems 
described in these research papers have been updated to reflect the specific issues of mine 
soils, nor do any classification systems consider the issue of enhanced SSV.
Current guidelines can be adapted to consider the unique characteristics and nature of 
enhanced SSV in mine soils. Firstly, there are several definitions of enhanced SSV in the 
literature (Becker et al. 2006; Dollhopf 2000; Sencindiver and Ammons 2000), as discussed 
earlier, depending on the scale of the question. A standard definition for enhanced SSV is 
needed as a way of clearly identifying the issue, and also determining the scale of mine soil 
assessment, prior to developing more appropriate guidelines. Current guidelines for 
assessing and surveying soil e.g. (Barnhisel et al. 2000; McKenzie et al. 2008) do not fully 
consider enhanced SSV in sampling and analysis of soil. These guidelines, which include 
survey, sampling and statistical tools, could be adapted to consider enhanced SSV in mine 
soils, given then various definitions and scales of SSV. This could be undertaken 
concurrently with analytical method development using standard methods e.g. (Rayment 
and Lyons 2010; Sparks 1996) and the specific calibration, adaption and development of 
these methods for enhanced SSV soils. Other tools that are useful in assessing variation in 
soils, such as Landscape Function Analysis (Tongway and Hindley 2003; Tongway and 
Ludwig 2011) and geostatistics (Becker et al. 2006; Dollhopf 2000; Mummey et al. 2002; 
Webster 2008) could also be considered as part of guideline development.
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3 .7 . Conclusion
Enhanced SSV d irec tly  and ind irec tly  affects the outcome o f rehab ilita tion . Enhanced 
SSV can negatively shape revegetation and environm enta l contam ination on m ine sites. It 
can also create high va ria tion  in analytical methods, and influence the p red iction  o f the 
mean (Chapter 5). SSV can create inconsistent interferences in soil analytical analysis 
(Chapters 5, 6, 7). Both o f these factors can lead to Type 1 and 11 erro rs  in statistical analysis, 
i f  not appropria te ly  considered (Chapter 5). The outcomes o f soil analysis and statistics can 
also be misleading. This can cause inappropria te  decision m aking o r incorrect analysis 
regarding rehab ilita tion  outcomes. These issues can be im proved through: appropria te  soil 
management lim itin g  m ixing, size o f stockpiles and inclusion o f m aterials; careful p ilo t 
studies to assess enhanced SSV and sampling numbers and strategies (Chapter 4); adapting 
and ca lib ra ting  analytical methods (Chapters 5, 6, 7); and appropria te  choice o f statistical 
analysis (Chapters 5). There has been lim ited  research and developm ent in to  more re liable 
ways o f assessing these soils. This review  demonstrates the c ritica l need for standard 
approaches and guidelines fo r assessing these soils. Guidelines could be developed using 
cu rren t standard approaches, w ith  ca lib ra tion  and adaptation for the uncommon nature o f 
these soils. The developm ent o f standard approaches w ill p rovide more re liable in fo rm ation  
fo r m ine rehab ilita tion  planning, im plem enta tion  and m onitoring , and u ltim a te ly  more 
successful m ine rehab ilita tion .
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4. Chemical characteristics and variation in soil stockpile 
surfaces: A Case Study at Barrick (Cowal) Gold Mine
"The 'soil' is just a skeleton, fu ll o f limiting factors.” A. D. Bradshaw, 1983
A large enhanced SSV subsoil stockpile at Barrick (Cowal) Gold Mine (Photo: Jess Drake)
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4.1. Chapter Summary
This chapter introduces the mine soils at Barrick (Cowal) Gold mine that are used in the 
experiments described in Chapters 5 - 7  of this thesis. This chapter describes the average 
chemical characteristics o f the stockpiles and their suitability fo r revegetation. Using data 
from the characterisation, the chapter also assess small-scale variation (SSV) of the soil in the 
surface o f topsoil stockpiles. This chapter not only demonstrates that there is a possibility o f 
enhanced SSV in mine soils at Cowal, but also further highlights the issue o f robustness of 
survey and analytical methods used to characterise mine soils, as discussed in Chapter 3. This is 
a descriptive chapter only, and will not be sent out fo r publication.
4.2. Introduction
The p re lim ina ry  assessment o f m ine soil chemical characteristics and associated 
va ria tion  is essential fo r de te rm in ing  the use o f m ateria ls and to guide fu rth e r surveys in 
m ine rehab ilita tion  (see Chapter 3). Standard practices in the m ine site management o f soil 
are know n to enhance small-scale va ria tion  (SSV) o f soil p roperties at the 0-100cm scale 
(D o llhop f 2000). Enhanced SSV is know n to influence rehab ilita tion  success (Babalonas et 
al. 1997; D o llhop f 2000; Ginocchio et al. 2004). Assessing the chemical characteristics and 
va ria tion  o f soils is an essential part o f rehab ilita tion  planning (D o llhop f 2000; Ussiri and 
Lai 2005), as characteristics and va ria tion  is know n to affect the choice o f rehab ilita tion  
options and am elio ra tion  strategies (Baumann et al. 2005; Hunter and Currie 1956), and 
ecosystem structu re  and the success o f revegetation (Babalonas et al. 1997; Ginocchio et al. 
2004).
Chemical characterisation and va ria tion  o f stockpiles at the Barrick (Cowal) Gold Mine 
has not had thorough investigation. The type o f management strategies used for soil at 
B arrick (Cowal) Gold Mine are know n to enhance SSV. The way in w hich a m ine soil is 
managed is known to play a role in enhancing SSV o f soil characteristics (Hewgill, 1986 
#494;Koch, 2007 #53; W ick, 2009 #340). Stockpiles at Barrick (Cowal) Gold Mine have all
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been managed differently (Figure 4-1]. Some stockpiles have been stripped and stockpiled 
carefully, minimising any mixing of soil types, horizons and materials. The careful stripping 
of soils for stockpiles has been shown to limit enhancement of the SSV of soil chemical 
properties (Hewgill 1986; Koch 2007a). Other stockpiles comprise of several different 
materials, including: different types of topsoil and subsoil, and some waste (hyper-saline 
oxide and vegetation). Such mixing of materials and inclusion of undesirable components is 
known to increase SSV and can negatively affect rehabilitation success, as discussed in 
Chapter 3. Unfortunately, the historical management of stockpiles at Cowal has only been 
recorded for some stockpiles, and not for all. Therefore, there is not necessarily any 
information to describe if stockpiles are more or less variable due to management, nor the 
components of each stockpile. This lack of information makes it imperative to assess the soil 
prior to mine rehabilitation efforts to ascertain it constituents and its possible variation.
Figure 4-1: Soil stockpiles at Barrick (Cowal) Gold Mine. The foreground stockpile (Stockpile 1) is 
mostly revegetated. The stockpile in the background (Stockpile 2) is not vegetated and can be visually 
examined to com prise of several materials (Photo by Jess Drake, 2008).
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The aim of this chapter is to undertake a pilot assessment of the surface of topsoil 
stockpiles at Barrick (Cowal) Gold mine. This includes the suitability of soil chemical 
characteristics for the revegetation of the site. Using the data from the characterisation, the 
variation will be assessed and determined if the known management of the mine site is 
reflected in the variation of these characteristics. This chapter provides a description of the 
soil and variation of stockpiles at Cowal. It also provides a pilot survey of variation and 
chemical characteristics, which is important for providing information for the design of 
further investigation into mine soils, rehabilitation techniques and stockpiles (Bouma 1985; 
Dollhopf 2000; Fournier et al. 1994] for rehabilitation planning at Cowal, as also discussed 
in Chapter 3.
The chapter first describes the average characteristics of each stockpile, including pH, 
electrical conductivity (EC), cation exchange capacity (CEC), exchangeable potassium (K+), 
sodium (Na+), calcium (Ca2+) and magnesium (Mg2+), nitrate and ammonium nitrogen (N), 
Colwell phosphorus, sulphate sulphur, total nitrogen (TN) and total carbon (TC). The 
average characteristics of each stockpile are then assessed for suitability for revegetation 
and amendment requirements. No undesirable characteristics, such as acid forming 
materials, are included in the stockpiles. Therefore, high- and low- chemical characteristics 
do not need assessment as part of rehabilitation (Chapter 3).
Ternary diagrams and cluster analysis (Gunter et al. 2009) of major cations, nutrient 
relationships (Kirkby and Fattore 2006; Kirkby et al. 2011), and literature will be used to 
explain relationships, as similarities and differences, or variation between samples. The 
variation will also be assessed using the coefficient of variation (CV) (Dollhopf 2000). The 
variation is then discussed in relation to stockpile management and known issues 
associated with SSV (Chapter 3). The findings are then used to develop a strategy for further 
rehabilitation trials at Cowal (Chapter 5).
70
Managing the Mixing
4.3. Materials and method 
4.3.1. Site description
The nineteen topsoil stockpiles of stripped soils that were surveyed were located at 
Barrick (Cowal) Pty Ltd Gold Mine, at Lake Cowal [Latitude -3363978 South and Longitude 
14740631 East) in New South Wales, Australia. The region has a yearly mean rainfall of 
411mm, a mean maximum temperature of 34.0-C in January and mean minimum 
temperature of 3.1QC in July (Bureau of Meteorology Weather Station 050017). The mine 
area is underlined by quaternary alluvium of the Cowra and Lachlan formations (King 
1998). Prior to mining, the area was used for cropping and grazing and had both native and 
introduced pasture and tree species. Fertilisation of the pasture (nitrogen and phosphorus) 
was undertaken as part of management pre-mine. Soil was stripped from the site using a 
grader during varied weather conditions, and then stockpiled into 19 separate topsoil 
stockpiles.
The stockpiles are either one or a combination of A) Lake Cowal, B) Wah Way and C) 
Marsden soil landscapes (King 1998), which are all located within the boundary of the site. 
In the report by Barker and Wild (1998), however, the soil landscapes on the mine site were 
described as: A) hard pedal red duplex soils, B) grey, brown and red cracking clays, and C) 
hill soils (Barker and Wild 1998)(Table 4-1). The description of the soil landscapes in 
Barker and Wild (1998) has not been mapped, and the survey and soil analysis does not 
include a thorough description of methods. Thus Barker and Wild cannot be directly 
matched with the published work of King (1998), as methods of survey, soil analysis and 
survey areas may be different. Linking the two surveys could thus result in misleading 
information, and will remain as separate reports for the remainder of this thesis.
In addition to the soils listed above, the stockpiles were also known to possibly contain 
some saline oxide waste materials and organic materials. There are no acid forming or 
cyanide materials included in these stockpiles. The surfaces of most stockpiles have been
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treated with Gyprock gypsum (5t/ha), as per requirements outlined in the 
recommendations for the mine (Barker and Wild, 1998). The exact contents (soil, waste, 
organic materials and gypsum) and management of each stockpile were not recorded during 
their construction.
In the study of pre-mine soils by Barker and Wild (1998), some characterisation of the 
soils on site was undertaken. Pits were excavated at an average of one every 30ha on a grid, 
and the horizons then characterised and/or analysed in each pit. The samples used in this 
research were classified as being from the A horizon. Details on sub-sampling are below. 
Table 4-1 shows the pH (1:5 H2O), saturated electrical conductivity (ECe), organic carbon 
(0C%), cation exchange capacity (CEC), and exchangeable Ca2+, Mg2+, K+ and Na+, as analysed 
using the methods in ‘Soil testing procedures o f the New South Wales Department o f Soil 
Conservation’ by Craze et al. (un-published). Using the codes in Barker and Wild (1998), it 
was assumed the following methods were used from Rayment and Higginson (1992): pH 
(1:5 H2O) (4A1); saturated electrical conductivity (ECe) (3A1); organic carbon (0C%) (6A1); 
cation exchange capacity (CEC) and exchangeable Ca2+, Mg2+, K+ and Na+ (15A1). The exact 
methods used, however, were not specified with a reference to Rayment and Higginson.
Table 4-1: Range of pH and average of topsoil chemical characteristics (EC, OC, ex. Cations, CEC, ESP) 
of the A) hard pedal red duplex soils, B) grey, brown and cracking clays, and C) hill soils found at Barrick 
(Cowal) Gold Mine prior to stripping and stockpiling from Barker and Wild(1998). Coefficient of 
Variation (CV%) has been calculated for each parameter and is in brackets. Those with a CV greater than 
100% are in bold. The number of samples used is described in detail in the following paragraph.
Soil Type pH
(1:5 H20 )
ECe
(dS/m )
OC (%) CEC
(cm olc/kg)
Ex. Na* 
(cm olc/kg)
Ex. Ca2< 
(cm olc/kg)
Ex. M g2* 
(cm olc/kg)
Ex. K4 
(cm olc/kg)
Red duplex 5.1-9.5 1.0 (89.0) 1.2 (29.4) 15.7 (42.8) 1.1 (50.0) 5.1 (44.0) 4.2 (71.2) 1.9 (70.1)
Cracking Clays 5.8-8.3 1.9 ( 122 . 7 ) 1.4 (18.0) 21.6 (41.0) 0.8 (32.8) 12.8 (67.0) 4.5 (56.0) 4.0 (93.0)
Hill 4 .2-4.8 1.4 (65.8) 2.0 (83.0) 6.5 (23.1) 0.4 (65.5) 2.4 (85.2) 1.1 (53.4) 0.9 (77.4)
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The original soil samples used by Barker and Wild (1998) were part of a non-balanced 
design, with a different number of samples used for: a) each soil type, b) each chemical 
characteristic, and c) depth. As far as the author of this research can tell, not all pits in the 
grid (as above) were analysed for all soil chemical characteristics, at all depths and only 
random samples were analysed. For soil A, 43 samples were used for pH and ECe, 6 samples 
for 0C%, and 8 samples for CEC and exchangeable cations. For soil B, 9 samples for pH and 
ECe were used, and 3 samples for all other characteristics. For soil C, 7 samples were used 
for pH and ECe, whilst 5 were used for all other characteristics. There is no other 
information regarding the sampling of soils at Cowal in Barker and Wild (1998), though 
further details on the description of soils and methods used for characterising pre-mine 
soils can be found in Barker and Wild (1998). No plant available nutrients or total 
phosphorus (P), nitrogen (N) or sulphur (S) testing was done on these soils prior to 
stockpiling. The deficiencies in Barker and Wild, when directly comparing with the current 
survey, will be discussed further in the following sections. The CVs and averages presented 
in Table 4-1 were calculated using the raw data in Barker and Wild (1998). An explanation 
of how the CVs were calculated is in Section 4-2-4.
Ternary diagrams (Figure 4-2) have been used to plot the data in Table 4-1, and Cluster 
Analysis (Appendix 1) was undertaken to determine the groupings in the data. The method 
for construction of Ternary diagrams and cluster analysis is given in Section 4-2-4. The 
Ternary diagrams show the similarities and differences between samples for each of the 
three soil types described and measured in Barker and Wild (1998), as based on measured 
values for Ca2+, Mg2+ and Na+ exchangeable cations. The red duplex soil has one sample that 
is slightly more sodic than the others, whilst the remainder of samples are more similar. The 
cluster analysis (see Appendix 1) shows three clusters of samples (Figure 4-2), with the two 
of the groups of samples being more related to each other than to the sodic outlier. The 
differences between samples indicate that the soils identified as A horizon material from red
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duplex soil landscapes by Barker and Wild (1998) have different sets of exchangeable 
cations. The spread in data within groups is possibly attributed to natural variation.
A) Red Duplex B) Cracking Clays
Figure 4-2: Ternary diagrams of exchangeable cations (Ca2+, Mg2+ and Na+) Red Duplex, Cracking 
Clay and Hill Soil. Groupings have been determined using cluster analysis. Data from Barker and Wild 
(1998) in Table 4-1.
The cracking clay soil has greatest spread in Ca2+ and Mg2+, and less in Na+. This is also 
reflective of the higher CVs for Mg2+ and Ca2+ (56 and 67%) compared to Na+ (33%) in Table 
4-1. The cluster analysis identified two clusters of samples (see Appendix 1 and Figure 4-2), 
with two slightly different soils possibly being sampled and identified as being cracking clay 
soils. The hill soil has three clusters of different soils (Appendix 1 and Figure 4-2), with one
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sample very high in Mg2+ and low in Na+ and Ca2+, and another sample with close to even 
concentrations in all three cations. This spread in data is also consistent with the high CVs 
for all of the cations (over 50%) (Table 4-1). Given the differences between samples, it is 
likely that the hill soils are comprised of three different soil types. As there is a lack of 
information regarding the sampling technique used by Barker and Wild (1998), spread in 
the data for all of the three soils may also reflect the methods chosen to sample, sampling 
bias or incorrect classification of soils.
4.3.2. Stockpile sampling
Soil sampling at Barrick (Cowal) Gold Mine was undertaken in August and September 
2008. Enhanced SSV is known to occur on the 0-100cm scale as well as the l-100m scale 
(Dollhopf 2000), and sampling was undertaken to reflect these scales. Samples were taken 
at 0-50cm vertically at one point to reflect the 0-100cm variation, and then this vertical 
sampling was repeated at horizontal distances >5m on larger stockpiles to reflect l-100m 
variation (Table 4-2). The dimensions of the stockpiles, apart from height, were unavailable 
at the time of sampling. Instead, the sampling strategy for the stockpiles was determined by 
the size and the height of the stockpile (Table 4-2), with the number of samples taken being 
proportional to these factors. The height of the stockpile was particularly important, as this 
affected Occupational Health and Safety requirements and limited sampling of the 
stockpiles. Please see further comments below.
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Table 4-2: Size, height, number of sampling points, number of samples, and scale of SSV that can be 
analysed for the 19 topsoil stockpiles at Barrick (Cowal) Mine.
S to c k p ile  # S ize  (m 3) H e ig h t (m )
S a m p lin g
P o in ts
T o ta l N u m b e r  o f  
S a m p le s
S c a le  o f  SSV  
A n a ly se d
1 2 1 ,0 0 0 2 2 6 0 - 1 0 0 m
2 3 3 4 ,0 0 0 4 8 2 4 O -lO O m
3 6 2 ,0 0 0 3 4 12 0 - 1 0 0 m
4 6 6 ,0 0 0 4 3 9 0 - 1 0 0 m
5 1 8 1 ,1 0 0 6 4 12 0 - 1 0 0 m
6 2 9 ,6 0 0 2 1 3 0 - 1 0 0 c m
7 3 0 ,4 0 0 2 1 3 0 - 1 0 0 c m
8 2 3 ,7 0 0 2 1 3 0 - 1 0 0 c m
9 3 1 ,5 0 0 2 1 3 0 - 1 0 0 c m
1 0 4 ,6 0 0 1 1 3 0 - 1 0 0 c m
11 6 ,9 0 0 1 1 3 0 - 1 0 0 c m
12 9 0 ,8 0 0 6 3 9 0 - 1 0 0 m
13 1 5 7 ,6 0 0 3 4 12 0 - 1 0 0 m
1 4 1 1 6 ,7 0 0 3 3 9 0 - 1 0 0 m
15 3 5 ,0 0 0 2 2 5 0 - 1 0 0 m
16 4 0 ,0 0 0 2 3 8 0 - 1 0 0 m
17 7 4 ,5 0 0 2 3 9 0 - 1 0 0 m
18 2 8 ,6 0 0 2 1 3 0 - 1 0 0 c m
19 1 1 2 ,1 3 4 4 4 12 0 - 1 0 0 m
Random sampling points on each stockpile were determined using a systematic 
randomised grid (Dollhopf 2000). Each stockpile had a grid and samples randomly taken 
from those points. The size of the grid reflects the number of sampling points. For example, 
smaller stockpiles only had one sample point, and no grid, whereas stockpiles with two 
sampling points had a 2 x 2 grid, 3 sampling points a 3x3 grid etc. From this, one sampling 
point was located in each of the rows and columns. The proximity of sampling points to each 
other was different depending on the size and shape of the stockpile. The minimum 
horizontal distance between sampling points was >5m between each point for stockpiles 
with more than one sampling point, and this reflects the l-100m SSV scale. Three samples 
were taken at each random sampling point at depths of 0-10cm, 10-20cm and 40-50cm into 
the stockpile, to reflect the 0-100cm SSV scale. Stockpiles 15 and 16 only had 2 samples 
taken (0-10cm and 10-20cm) at one of their sampling points due to very heavy compaction. 
The total number of samples and sampling points for each stockpile are listed in Table 4-2. 
The stockpiles that have one sampling point (Table 4-2) can be analysed for 0-100cm SSV,
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whilst those with more than one sampling point can be analysed for 0-100m SSV 
(incorporating both 0-100cm and l-100m SSV).
At the time of sampling, there were prolonged drought conditions. There was no rainfall 
at the site for at least 2 weeks prior to sampling, nor any between sampling days. Samples 
were collected using a 100mm auger, where two auger buckets (c. 785cm2) of soil were 
collected for each of the depths. Whilst using the auger, a tape measure was used to ensure 
that sampling of soil was taken at the appropriate depths. As the soil on the site was heavily 
compacted, there was no movement of the soil from the wall of the hole into the auger 
bucket, and thus no contamination of samples. Soil was packed in plastic bags and stored 2- 
3 days at room temperature before being sent by courier to the laboratory for chemical 
analysis.
The height of the stockpile limited sampling at depth due to Occupational Health and 
Safety risks. Although stockpile depths below 50cm are known to have an increased chance 
of anaerobic conditions (Abdul-Kareem and McRae 1984) and zonation of materials (Harris 
et al. 1989), which can increase variation of materials vertically, assessment of these 
characteristics was not conducted in this research. Instead the focus is on surface of the 
stockpiles. Financial and time constraints were also factored into the number of samples 
that could be collected and analysed. These realistic challenges faced by mine managers 
resulted in an insufficient number of samples and inadequate surveying to conclude 
variation in many of stockpiles. This limitation is discussed in greater detail in Section 4.5.4.
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4.3.3. Soil chemical methods
Chemical analysis of the soils was undertaken by the Incitec Pivot Nutrient Advantage 
Laboratory, Australia. Soil was air-dried and ground to < 2mm prior to analysis. The 
chemical methods used for each soil sample are standard methods set out in Rayment and 
Higginson (1992): pH undertaken using 1:5 soil to water (4A1); EC 1:5 water (3A1); ECe 
(14B1); automated colorimetric analysis of Colwell P (9B2), NO3 -N and NH4 + -N (7C2); pH 
7.0 Ammonium Acetate extracted exchangeable Ca2+, K+, Na+ and Mg2+ (15D3) and SCH2- 
calculated from sulphur concentration (3:20 soil to 0.25M KCl) (ASPAC KC1 40), and both 
determined using Inductively Coupled Plasma Atomic Emission Spectroscopy (1CP-AES); TC 
(Walkley-Black) undertaken on UV-V1S (6A1); Kjeldahl total N using automated colorimetric 
analysis (7A2). CEC was calculated using the exchangeable cation results. Kjeldahl total P 
was also undertaken, and the returned results showed some inconsistencies (all results for 
TP were 0.02%). Stockpiles 10, 11,14 and 17 also had all samples at 0.04% TN. As raw data 
was unavailable and re-analysis was not an option, these results have been omitted from 
this study.
4.3.4. Statistical analysis
All data analysis undertaken was for characterising the stockpiles, to determine if there 
is any variation from different materials and/or to explain the variation. The data was 
analysed using Microsoft Excel 2007 and a plug-in designed for Ternary plots (Tri-Plot 
vl.4), as well as GenStat 12th Edition. The average characteristics of the stockpiles are 
discussed before further analysis. No statistical analysis was undertaken between Barker 
and Wild (1998), King (1998) and the current study due to low sample numbers (n=3) in 
both studies, inconsistent and different survey and analytical analysis.
The Streeton et al. (2013), from the Rengasamy et al. (1984) dispersion diagram has 
been used to plot the exchangeable sodium percentage (EPS) and EC 1:5 (dS/m). ESP was 
calculated for each sample taken from the stockpile. The average ESP and EC calculated
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from all samples in the stockpile (n=Table 4-2) was then used to plot the dispersion 
diagram.
Ternary diagrams have been used to visually represent the relationships between 
samples in the stockpiles using exchangeable cations (Ca2+, Mg2+ and Na+). Ternary diagrams 
are often used to display the textural components (clay, silt and sand) of soils (Flemming 
2000; Pye and Blott 2004). Previous research has used Ternary diagrams to determine if 
samples of soils are from a same or similar origin (Pye and Blott 2004; Weltje 2002), and to 
group samples from similar origins (Flemming 2000). The diagrams are made through the 
addition of three characteristics in a sample e.g. (Ca2+ + Mg2+ + Na+), and the characteristics 
individual percentage of that total is calculated e.g. (Ca2+ /Ca2+ + Mg2+ + Na+ x 100). The 
percentage of each characteristic is then plotted into the Ternary diagram, with each corner 
of the diagram representing 100% of that characteristic. Hierarchical cluster analysis, using 
sorting by the median, was also used to statistically identify groupings between Ca2+, Mg2+ 
and Na+, and these groups were identified on the Ternary diagrams.
A Euclidean similarity matrix of Ca2+, Mg2+ and Na+ for each stockpile was undertaken as 
part of the cluster analysis. The Euclidean similarity matrix sorts samples and groups them 
based on their similarity in characteristics. Thus, using this tool we are able to determine if a 
sample is more or less similar to each other, and thus if samples in a stockpile are related or 
may be from different sources (other soils, layers, materials). Cluster analysis has been 
found to be a useful tool in the statistical analysis of soils with enhanced SSV (Gunter etal. 
2009), and Euclidean similarity matrices are commonly used in factor analyses (Elmore and 
Richman 2001). This particular analysis was chosen as it can be used concurrently on more 
than two variates, in this case Ca2+, Mg2+ and Na+. The cluster analysis has an output that 
shows clustering of samples based on similarity (see Appendix One). A direct connection 
between samples shows samples that are most similar to each other, and as the hierarchy 
progresses, less similarity. Cluster analysis was not undertaken on stockpiles with only
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three samples (6-11 and 18), and further sampling would need to be undertaken to make a 
conclusion about the variation in these stockpiles. In addition, the exact cause of the 
variation is limited by pre- and post-mine soil surveys, and this is discussed below.
The coefficient of variation (CV) was calculated for each chemical characteristic in each 
stockpile. The CV is calculated as a percentage of the standard deviation of a group divided 
by the average of that group. The CV allows error (variation, spread of data) to be 
standardised and compared across groups (Bendel etal. 1989; Kolins etal. 1983). CV is used 
to assess variation in data sets derived from mine soils, with >100% being very high 
(Dollhopf 2000), and > 50% being high (Bolland and Allen 1998). Calculation of CVs can not 
be undertaken on pH even with conversion (Webster 2001), and thus were not undertaken 
on the pH of the stockpile or original Barker and Wild (1998) soils. CVs were not compared 
with the CVs in Table 4-1 from Barker and Wild (1998) or between stockpiles, due to 
differences in analytical and survey procedures between the past and current survey. CVs 
have been calculated using untransformed data.
Variation (as CV%) in the data (Table 4-3 and 4-4) is also explained using known soil 
chemical relationships, including those that are known to occur in stockpiles (Chapter 3). 
Regressions are used to demonstrate relationships and variation. For example, if the 
variation is due to organic matter or gypsum application, rather than mixing of materials in 
stockpiling. A regression for each stockpile is undertaken between: TC and TN (Kirkby et al. 
2011); TC and available N; available and total N (Mulvaney 1996); ECe and SO42' with 
gypsum application. The relationship between TC and TP (Kirkby etal. 2011) has been 
omitted due to unreliable total P data, and Colwell-P has been used instead (Nash e ta l  
2007). This was similar for TC and SCU2- (Kirkby et al. 2011). Stockpiles with only 3 samples 
(6-11 and 18) were grouped for analysis. Non-transformed data was used in the regressions, 
as variation is an important part of the question being asked and thus should be kept in the 
analysis of data (Dollhopf 2000). Transformed data (log base 10) was also used in the
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regressions, but was shown to have no influence on the r2 values. Regressions using non- 
transformed data are shown.
4.4. Results
4.4.1. Chemical characteristics
The average chemical characteristics of each stockpile are listed in Table 4-3 and 4-4.
The pH ranged from 5.8 and 9.2 across the stockpiles. Stockpiles 4, 6, 7, 9 and 16 were 
classified as having acidic-pH, whilst the remainder of the stockpiles were alkaline. Average 
ECe across stockpiles ranged between 0.6 and 10.7dS/m, with a similar trend for CEC being 
between 5.4 and 30.4 cmolc/kg. All stockpiles apart from 6, 7, 9,12,13, 15 and 16 have ECe 
levels that may affect productivity (Hazelton and Murphy 2007). Across all stockpiles, 
exchangeable K+ ranged between 0.4-1.2 cmolc/kg, exchangeable Na+ ranged between 0.2- 
8.8 cmolt/kg, exchangeable Ca2+ ranged between 2-14.5 cmolc/kg, and exchangeable Mg2+ 
averaged between 1.3 and 10.6 cmolL/kg. Average NO;c across stockpiles was between 1.2 
and 39.8 mg/kg, whilst NH4 + averages were slightly lower ranging between 1 and 12.5 
mg/kg. Colwell-P averaged between 5.6 and 47.3 mg/kg. SCU2- had the biggest range in 
values across stockpiles, averaging between 4.2 and 253.2 mg/kg. TN averaged between 
0.04 and 0.08% and OC was between 0.4 and 1.5% across stockpiles.
The stability of the soils, by ESP and EC, are stockpile dependant. Figure 4-3 and Table 4- 
4 demonstrates that all stockpiles, apart from stockpile 18, are in Class 2 and thus are 
potentially dispersive. Stockpile 18 has minimal structural problems (Class 3).
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Table 4-3: Range of pH and averages (n= Table 4-2) of nitrate and ammonium-N, sulphate, Colwell-P, 
for each of the 19 stockpiles. Coefficient of variation (CV%) is in brackets.
Stockpile #
n o 3
(mg/kg)
N H /
(m g/kg)
Colwell-P
(m g/kg)
S 0 4
(m g/kg)
1 29.0 (77.2) 3.5 (74.3) 8.3 (21.7) 29.9 (116.7)
2 28.6 (102.4) 3.1 (103.2) 13.8 (60.1) 43.0  (102.1)
3 39.8 (80.7) 2.0 (70.0) 8.7 (49.4) 57.7 (105.7)
4 21.4 (157.9) 2.6 (111.5) 7.3 (27.4) 253.2 (71.2)
5 23.5 (144.3) 4.6 (132.6) 9.2 (71.7) 155.1 (156.4)
6 28.0 (86.8) 12.5 (104.0) 29.0 (33.1) 7.5 (62.7)
7 5.3 (141.5) 2.7 (44.4) 47.3 (28.8) 4.2 (26.2)
8 36.7 (29.2) 1.0 (60.0) 8.3 (42.2) 11.6 (87.1)
9 6.1 (113.1) 3.3 (69.7) 12.7 (24.4) 4.7 (63.8)
10 16.2 (95.7) 1.3 (23.1) 6.3 (23.8) 24.2 (117.8)
11 9.4 (70.2) 3.0 (16.7) 6.3 (36.5) 16.7 (98.8)
12 18.0 (95.0) 6.0 (95.0) 13.0 (32.3) 13.0 (73.1)
13 17.2 (101.7) 2.6 (80.8) 9.3 (30.1) 11.0 (79.1)
14 3.4 (117.6) 2.7 (70.4) 5.9 (28.8) 31.4 (182.5)
15 1.2 (25.0) 1.5 (13.3) 10.0 (45.0) 16.0 (106.3)
16 28.3 (111.7) 3.1 (93.5) 11.6 (42.2) 6.0 (80.0)
17 4.0 (87.5) 4.4 (109.1) 5.6 (17.9) 27.2 (76.8)
18 12.3 (39.0) 1.4 (57.1) 6.7 (22.4) 233.3 (165.8)
19 15.8 (82.9) 2.3 (39.1) 6.2 (27.4) 157.8 (107.0)
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Figure 4-3: Average (n=Table 4-2) EC (dS/m ) and ESP for each of the 19 stockpiles, adapted from 
Streeton et al. (2013) and Rengasamy et al. (1984). Data for this figure is in Table 4-4.
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Chapter Four
4.4.2. Ternary diagrams
The Ternary diagrams show the re la tionships between samples. Samples that are closer 
together are more like ly  to be the same soil than those fu rthe r apart. These diagrams can be 
used to explain i f  there is more than one m ateria l in each stockpile, and thus m ixing o f m ateria ls 
possibly leading to increased SSV. Cluster analysis (Appendix 1) was used to determ ine the 
groupings in each diagram.
The Ternary diagrams show the percentage o f exchangeable Ca2+, Na+ and Mg2+ (Figure 4-4 
(1 -4 ]) w ith in  a pa rticu la r stockpile. The circles and arrow s in the diagrams denote clusters o f 
samples. Stockpiles 2, 4, 15, 6 and 17 all have tw o clusters (Figure 4-4 and Appendix 1). 
Stockpiles 1, 3,12, 13, 14, and 19 all have three clusters (Figure 4-4 and Appendix 1). The 
clusters in stockpile 3 are not shown on the Ternary diagram, bu t can be found in the cluster 
analysis in Appendix 1. Stockpile 5 has 7 d is tinc t clusters (Figure 4-4 and Appendix 1). Figure 4- 
4 (4) is a com posite o f samples from  several stockpiles. For many o f the clusters, the main 
d is tinc tions were related to the Na+ content o f the sample, w ith  clusters tha t were more s im ila r 
having closer percentages o f Ca2+ and Mg2+ and those most d iss im ila r having more Na+.
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4.4.3. Variation of characteristics
The CV (%) for each chemical characteristic in each stockpile is listed in Table 4-3 and 4-4. 
The CV for ECewas quite variable between stockpiles. Five stockpiles (3, 7,11, 15, 17) had a CV 
for ECe under 50%, and one stockpile (18) had a CV for ECe over 100%. The largest CV for CEC 
was 74.3% for stockpile 18, followed by 59% for stockpile 12, and the remainder of the 
stockpiles had CVs less than 50%. The CVs for exchangeable cations, ECe, pH and CEC are in 
Table 4-4. The CVs for K+were low, with the highest CV being 50% (7) and the lowest CV was 
0% for stockpile 18. Na+ had three stockpiles (7, 16, 18) with a CV of 100 - 133%, and only four 
stockpiles (3, 8, 13, 17) under 50%. Ca2+had one stockpile (4) with a CV over 100% and two 
others at 80.8 and 80 (12 and 18). The rest of the stockpiles had CVs less than 50%. The CVs for 
Mg2+were all under 50%, apart from stockpiles 1 and 18, which had CVs of 66.2 and 59.3% 
respectively.
The CVs for NO3' were >100% in stockpiles 2, 4, 5, 7, 9, 13, 14 and 16 (Table 4-3). Only three 
stockpiles (8, 15, and 18) had CVs less than 50% for N0;c. The CVs for NH,*+ were slightly 
different to NO;r , with stockpiles 2, 4, 5, 6, and 17 with CVs over 100% and only five stockpiles 
(7, 10, 11, 15, 19) had CVs under 50% (Table 4-3). Nine stockpiles with CVs over 100% for S O 4 2' 
(1, 2, 3, 5, 10 14, 15, 18 and 19), with stockpile 7 the only one with a CV under 50% (Table 4-3). 
Only stockpiles 2 and 5 had a CV over 50% for Cowell-P (Table 4-3), and only stockpile 2 and 3 
had CVs over 50% for TN (Table 4-4). Only stockpiles 3, 4, 5 and 14 had CVs over 50% for TC 
(Table 4-4).
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4.4.4. Relationships between characteristics
To explain the variation in the characteristics (Table 4-3 and 4-4), regressions (r2) were
undertaken on indicators that have a known relationship (see Table 4-5 and Appendix 1). 
The regressions are used to show if the variation in data may be due to a particular 
relationship between variates, rather than SSV. TC and TN generally had a moderate to 
strong positive relationship (r2=0.5256 to 0.9907) in all stockpiles (Table 4-5). Stockpile 2 
had a relationship between TC and TN of r2=0.4106 and one outlier with high TN (see 
Appendix 1). ECeand SCM'had a moderate to strong positive relationship (rc=0.6240 to 
0.9613) in all stockpiles, apart from stockpile 16 (Table 4-5, Appendix 1). TN generally did 
not have a relationship with either NOr or NH4+ across stockpiles. This was apart from 
stockpiles 4 and 15 (Table 4-5). This is supported by the lack of strong relationship between 
TC with either N03' or NH4+, apart from stockpiles 2, 3 and 4 for TC and N0;r (Table 4-5). If 
we assume that TP correlates with Colwell-P (Nash et al. 2007), and TC and TP have a 
relationship (Kirkby et al. 2011), then we could assume TC and Colwell-P also have a strong 
relationship. In this case, Colwell-P only moderately to strongly correlated (r2=0.5580 to 
0.9410) with TC in stockpiles 2, 3, 4, 15, 16, and 6-11 and 18 (Table 4-5). As TC and TS have 
a relationship (Kirkby et al. 2011), then S042 and TC should also correlate. In this case, only 
stockpile 12 had a strong relationship between TC and SO42- (Table 4-5). Relationships 
between CEC and nutrients were also undertaken, with no consistently strong relationships 
across stockpiles (data not shown).
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Table 4-5: Relationships between: TC w ith TN, NCH', NH4+, SCH2', Colwell-P; TN and NCH', NfU* and ECe 
and SO4 2 (n= Table 4-2 ), as determ ined by regressions, for each of the 19 stockpiles, r 2 values > 0.5 are  
listed in the table. W here r2<0.5, - is used. * denotes one outlier and NA denotes w here regressions w ere  
unable to be perform ed due to missing data. Stockpiles 6-11 and 18 w ere considered together due to 
small sample numbers (n=3 for each stockpile).
S to c k p ile  N o. n
TC and  
TN
TC and  C o lw e ll-  
P
TC and  
N 0 3
TC and  
S 0 42
TN and  
N 0 3
TN and  
N H /
ECe and  
S 0 42
1 6 0 .9 7 0 3 - - - - - 0 .9 6 1 3
2 24 0 .4 1 0 6 * 0 .6 3 9 6 0 .5 3 5 2 - - - 0 .7 9 7 7
3 12 0 .9 3 23 0 .9 4 1 0 .5 3 01 - - - 0 .6 9 0 2
4 9 0 .9 9 0 7 0 .5 5 8 0 .8 7 1 3 - 0 .8 6 2 4 - 0 .8 5 3 9
5 12 0 .8 5 7 4 - - - - - 0 .9 3 0 6
12 9 0 .8 2 9 4 - - 0 .5 5 73 - - 0 .6 3 8
13 12 0 .5 2 5 6 - - - - - 0 .6 2 4
14 9 NA - - - - - 0 .8 5 4 7
15 5 0 .9 6 41 0 .6 9 6 1 - - -0 .6 5 2 4 0 .5 0 1 6 0 .9 1 1 9
16 8 0 .8 4 68 0 .6 4 4 2 - - - - -
17 9 NA - - - - - 0 .7 8 1 1
19 12 0 .6 4 33 - - - - - 0 .8 4 8 3
6 -11  a nd  18 21 0 .8 2 7 6 0 .6 8 5 - - - - 0 .9 0 4 8
4.5. Discussion
4.5.1. Chemical characteristics for revegetation
From this p re lim ina ry  assessment, the soils have been determ ined as being po ten tia lly  
suitable fo r agricu ltu ra l use. Only e ight o f the stockpiles (1-6, 8 ,16 ) measured have NO3' > 
20m g/kg. This is the level o f NO3 adequate fo r wheat in low  ra in fa ll areas (Hazelton and 
M urphy 2007). A ll stockpiles, apart from  6 and 7, are below the c ritica l values fo r Colwell-P 
in agricu ltu re  (27-28 m g/kg) fo r the Cowal area (Hazelton and M urphy 2007). This may be 
due to the a lka lin ity  o f the soil, causing a reduction in P available fo r p lant use (Hazelton and 
M urphy 2007; Naidu etal. 1995b), and is also typ ica l o f soils in the Cowal area (K ing 1998). 
TN was regarded as being very low  to low, and TC extrem ely low  to m oderate for 
agricu ltu re  (Hazelton and M urphy 2007). Insuffic ien t K+ present in stockpile 17 may lim it  
g row th  o f plants (Hazelton and M urphy 2007), and the ECe fo r many stockpiles (non-saline
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to highly saline) could negatively affect plant growth and productivity (Hazelton and 
Murphy 2007), depending on the plant species used in rehabilitation.
If the aim of rehabilitation is a native ecosystem, the suitability of the soil for 
revegetation is different. The establishment and growth of native plants may be limited by 
excessive nutrients and high EC. Many Australian native plants species have low recovery 
and growth rates with high soil NÜ3‘ (> 5mg/kg), extractable-P (> 4mg/kg), or ECe above 
2dS/m (Prober and Smith 2009). There are only three stockpiles with NÜ3 ' < 5mg/kg, and 
six stockpiles with ECe < 2dS/m (Table 4-4). Of these, stockpile 15 is the only one that has 
favourable conditions for both NO3 ' and ECe, given Prober's limits. Colwell-P was unable to 
be interpreted for its potential limiting affects as the method used by Prober (2009) was 
omitted.
Of the species present at Cowal that are planned be used as part of rehabilitation, 
Themeda triandra, T.australis and various Austrostipa species are known to have limited 
growth, colonisation and propagation in highly fertile soils (Garden et al. 2001; Langford et 
al. 2004; Leech and Keys 2003). In particular, this occurs at sites where fertilisers have been 
previously applied (Garden et al. 2001), as may have occurred at Cowal pre-mining. In 
addition, Themeda triandra is known to have a reduction in biomass production in 
increasingly saline conditions (Rogers et al. 1996), and the salt tolerance of Austrostipa 
species is unknown (Junee Shire Council ND). Casuarina cristata, also present at Cowal, is 
known to be salt tolerant (NSW Department of Primary Industries 2008), although no 
particular salinity threshold for the species has been recorded.
The cations, pH and CEC of the soils were also assessed in relation to revegetation. 
Cations, pH and CEC can affect soil structure and salinity, and have a direct effect on plant 
establishment and growth (Naidu et al. 1995b; Sumner and Naidu 1998), irrespective of 
species. CEC of the soils were between low-high, with most being moderate to high
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(Hazelton and Murphy 2007). Using Hazelton and Murphy (2007) for cation range 
acceptability, ESP is generally high, but does range from low to very high. Ca2+ ranges from 
low to high and Mg2+ is moderate to very high. The pH of the stockpiled soils may also limit P 
availability (Hazelton and Murphy 2007). Cation concentrations and pH can affect nutrient 
availability (Hazelton and Murphy 2007; Naidu et al. 1995b), whilst relative proportions of 
cations can affect aggregation/soil physical properties (Naidu et al. 1995b; Sumner and 
Naidu 1998). King (1998) supports these findings, having found the soils at Cowal to have 
poor physical and chemical properties, limiting vegetation growth in the area.
Structural stability of the soils for rehabilitation was also investigated. When dispersion 
is plotted using the Streeton et al. (2013) diagram (Figure 4-3), all stockpiles, apart from 
one, were found to have average characteristics in Class 2. These stockpiles are potentially 
dispersive, and will require gypsum amendment both on the stockpiles and with 
respreading, as per Barker and Wild (1998) requirements. However, stockpile 18 is in Class 
3. This implies there are few structural issues with this stockpile, provided there is limited 
mechanical movement and vegetation for stability (Hazelton and Murphy 2007; Rengasamy 
et al. 1984). The stability of these three stockpiles may be a function of the gypsum 
application to the surface of the stockpiles. As the soil will be respread using bulldozers and 
graders, and the area un-vegetated for periods during, this may have consequences on the 
stability of all the soils surveyed. In addition, extremely low to moderate TC also indicates 
poor structural stability to average structural stability (Hazelton and Murphy 2007). The 
structural stability can be improved and soil protected by using organic amendments and 
gypsum or gypsum-lime combinations.
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4.5.2. Amendment of soils for rehabilitation and revegetation
From this survey it was determined that most of the stockpiles will require amendment
prior to revegetation. The addition of organic amendments to respread stockpile soils can be 
used to increase organic matter content, improve soil structure, nutrients and biology, and 
limit losses from erosion (Cameron et al. 1997; Kelly 2006; Quilty and Cattle 2011; Smits et 
al. 2010). The choice of amendment should be based on nutrient content for the proposed 
species being planted on the site, and nutrient requirements. Fertilisers (nitrate and P) 
should only be used for agricultural purposes, and if native plants are being established, 
they should possibly be avoided altogether.
Although gypsum can be used to decrease dispersion potential and is required as part of 
the legally binding Cowal Environmental Impact Statement (Barker and Wild 1998; Ryan 
1998), its use should possibly be eliminated due to the high ECe. Gypsum will increase the 
salinity of the soil, and this can have a flow on effect to limiting plant growth and 
establishment. It is possible, however, that further assessment of the stockpiles (as 
discussed in detail below) may demonstrate high exchangeable Na+ and lower EC in the 
stockpiles at depth. In this case, gypsum may be required for soil flocculation. As an 
alternative to gypsum, organic amendments can be used to prevent erosion and improve 
structural stability (Kelly 2006; Smits et al. 2010), and rock or physical engineering can be 
used to prevent erosion (Loch and Lowe 2008). These methods should be considered as an 
alternative to gypsum where the TCC and ECe of the materials could detrimentally affect 
plant growth.
Trials and analogue comparisons are required to determine how to best revegetate the 
Cowal site. The full chemical characteristics of the soil, including surveying stockpile soils at 
depth (Harris et al. 1989), as well as the soil's general effect on the germination, growth, 
productivity and biodiversity of different native or non-native species (depending on 
rehabilitation plan) should be considered in trials. Trials can also include gypsum and
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organic ameliorants, to investigate the on both plants and soil. Alternatively, analogues 
could be used for comparisons between soil on the site and possible plants (Tongway and 
Ludwig 2011), and appropriate species and ameliorants can be matched for rehabilitation. 
Analogues need to represent similar soil conditions, landforms and/or ecological 
communities that are to be rehabilitated (Tongway and Ludwig 2011). Care must be taken 
in using analogues, as conditions (soil, landform, aspect) may vary from the site and this will 
need consideration in analysis. A glasshouse rehabilitation trial using organic amendments 
both with and without gypsum, and native plants, is undertaken in Chapter 5.
4.5.3. Variation of chemical characteristics
The stockpiles at Cowal contain more than one material, and indicate the possibility of
enhanced SSV. Using Ternary diagrams and cluster analysis of Na+, Ca2+ and Mg2+, it was 
determined that stockpiles 1, 2, 3, 4, 5,12, 13, 14, 15, 16,19 all have distinct clusters of 
samples. Previous research has demonstrated that cluster analysis and ternary diagrams of 
cations can be used to describe if soils come from a similar or different origin (Flemming 
2000; Pye and Blott 2004; Weltje 2002). In this case, pre-mine soil data was limited (this is 
discussed in detail below), and this analysis was used as a surrogate to explain if there was 
any variation in the stockpiles possibly related to the inclusion of different materials, as was 
known to have occurred at Cowal. As all of these stockpiles have distinct separate clusters, 
this indicates that there may be more than one soil, horizon or material present in the 
stockpile.
The clusters of soils were mainly related to the Na+ content of the sample. This may 
indicate that sodic subsoils, as noted to occur in the soil landscapes in the same area (King 
1998), were incorporated into the topsoil stockpiles. The presence of different materials in 
the stockpiles partially explains the high CVs for Na+, Ca2+, Mg2+ and CEC; variation is 
partially related to the mixing of materials in the stockpile. The variation in cations is known 
to increase in soils that have undergone similar management (Miller and Cameron 1976). As
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the sampling was undertaken at O-lOOcm and 1-lOOm scales, this indicates the possibility of 
enhanced SSV in stockpiles at Cowal from the mixing of materials (Chapter 3).
In addition, variation of chemical characteristics in the stockpiles may be reflective of 
enhanced SSV or due to other known soil chemical relationships. The CVs over 100%, found 
in many of the soil chemical characteristics (Table 4-3 and 4-4), are those similar to 
reported values that are known to occur with stripping, stockpiling, and mixing of soils 
(Dollhopf 2000). The high variation in ECe, Na+, Ca2+, S O 4 2', and CEC, and very high variation 
in stockpile 18 for all of these characteristics, may be due to recent and uneven gypsum 
application and dissolution (Greene and Ford 1985). It may also be due to clay and cation 
variation, as a consequence of the stripping and mixing of materials (Hewgill, 1986 
#494;Miller, 1976 #529), as known to have occurred at Cowal. As ECe and SCH2' were 
strongly correlated across most stockpiles, this indicates that most of the variation in ECe 
and S O 4 2'  is likely to be attributed to gypsum application.
The variation in TN and TC measurements can be explained by their relationship in soil 
humus (Himes 1998; Kirkby et al. 2011). TC and TN most likely fluctuated with the amount 
of organic material in the stockpiles (see Table 4-5), possibly as a result of increased 
variability of organic matter with stockpiling (Cookson etal. 2008; Dalai 1998; Martens 
1995). This also supports the Ternary diagrams and cluster analysis, that there is probably 
mixing of materials in the stockpiles at Cowal.
Variation in Cowell-P, NCVand NH4 +can be explained by mixing of materials in 
stockpiles, method choices and organic matter distribution. The NÜ3 ' results showed the 
most number of stockpiles with CVs over 100%, while the NH4 + measurements revealed at 
least one stockpile with a CV over 100%. Firstly, this variation can be explained by 
stockpiling, which is known to increases variation in NCVand NH4 + measurements (Ross and 
Cairns 1981). Further more, the respreading of the stockpile soil can also cause pulses of
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NO3- with the aerobic transformation from NFUh further increasing the variance in NC '^ and 
NHU+ measurements (Ross and Cairns 1981; Williamson and Johnson 1990b). In addition to 
this, both N03'and NH4+are generally known to have high variation in their measurements, 
and this may also be contributing to the high CVs.
The variation in organic matter does not completely explain the variation in Colwell-P 
measurements, as Colwell-P and TC were only related in 6 stockpiles (Table 4-5). P 
availability is closely related to cations (Parfitt 1978), and cations were found to have high 
variation in these stockpiles. Thus, variation in Cowell-P may also be due to the variation in 
cations from mixing of materials and known gypsum variation with stockpiling. In addition, 
the lack of expected relationships between NOsand TC, NH4+and TC, and between TC and 
Colwell-P (Kirkby et al. 2011), as a potential indicator of organic matter variation (Cookson 
et al. 2008; Dalai 1998; Martens 1995), may also indicate that inconsistent interferences in 
methods or insufficient sampling numbers may also be influencing the high CVs (Chapter 3).
The methods used to assess mine soils may require greater sample numbers to reduce 
variance and estimate the mean. The number of samples that were taken influences the CVs 
of all soil properties; where more or less samples will directly influence the standard 
deviation, and the CV (Wilding and Drees 1983). For example, if more samples were taken 
the SD is likely to be lower, and the CV will also be lower. In the case of interpreting the CVs 
in this research, they are specific to the number of samples in Table 4-2, and more or less 
samples will change the CV.
As a general comparison with research, McKenzie et al. (McKenzie et al. 2002) suggests 
range of CVs that are appropriate for soil characteristics, given a number of sampled soil 
profiles in an area less than a few hectares. These include a CV 15-35% for CEC with 10-25 
profiles being analysed, and CV >35% for exchangeable cations with >25 soil profiles for 
exchangeable cations. Only five stockpiles (2, 3, 5, 13 and 19) had sample numbers over 10, 
with stockpile 2 with 2 4 samples. As the suggested numbers are by profiles, we could
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assume this means that there should be at least 3-4 samples per profile, making the number 
of individual samples needed around 30-100 and >100 respectively. Some stockpiles, 
however, had CVs within this range (Table 4-4), even with lower sample numbers. This 
either suggests that sample numbers were sufficient to gain an acceptable CV, or the degree 
of variation in the stockpile was not found due to limited sample numbers. In addition, 
Colwell-P, N03-and NH4 + data was transformed, however this had no affect on reducing the 
CVs (see Section 4.3.4). This demonstrates that more sample numbers may be required to 
understand the degree of variation in the stockpiles, reduce variance, improve estimation of 
the mean, and provide more robust data for statistical analysis (Chapter 3). To understand 
the importance of variation of mine soils, a thorough investigation of characteristics needs 
to be taken before and after mining that considers small scale and landscape scale variation.
In addition to this, the methods used to assess Colwell-P, NO;r and NH4 + in the stockpiles 
may not be appropriate given the known mixing of soils and materials (Mummey et al. 2002; 
Ross and Cairns 1981; Sun et al. 2010; Ussiri and Lai 2005). The high CVs may partially be a 
reflection of inconsistent inferences in the colorimetric methods used. This was discussed 
briefly in Chapter 3, and is discussed in greater detail in Chapter 5, 6 and 7. Chapters 6 and 7 
look specifically at precision of NH4 +and P methods due to inconsistent interferences from 
mine soils. The high variance may be causing misleading outcomes, and greater sampling 
numbers or method calibration (Chapter 6 and 7) may also be necessary to reduce variance 
and accurately determine relationships (Chapter 3). For example, the high average N03- 
measurements may be erroneous estimates of the mean, and are not a true reflection of the 
soil. This could then affect management decisions regarding revegetation plans discussed 
above. Limitations to the pre- and post- survey, however, limit the ability to conclude the 
exact nature of the variation (see below).
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4.5.4. Limitations to survey
This survey design, in combination with pre-mine survey (Barker and Wild 1998), 
limited the assessment of the causes of variation in some of the stockpiles. The design of the 
sampling was limited by finance and OHS risks, which limited the full assessment of the 
stockpiles. For example, stockpiles with only 3 samples (6-11 and 18) can not be analysed 
using cluster analysis, and no horizontal variation (l-100m) could be assessed on the 
stockpiles. Furthermore, it is difficult to determine if high CVs for Colwell-P, N0 3 _and NH4+ 
in stockpiles 1, 2, 3, 4, 5, 12, 13, 14, 15, 16, 19 are due to one or a combination of: mine soil 
management, insufficient sample numbers and survey design, inconsistent interferences in 
methods or natural variation. Where insufficient pre-mine surveys are available, alternative 
survey design and method calibration should be undertaken (Chapter 3). Further designs, as 
discussed below, are necessary to study variation in the stockpiles at the 0-100cm and 1- 
100m scales (Dollhopf 2000). This can then inform if analytical methods require calibration, 
or to determine if the methods themselves are contributing to the variation (Chapter 3, 6 
and 7).
The variation noted in the stockpiles, in Ternary diagrams and available nutrients, may 
be similar to natural conditions, but this has not been confirmed in this study. The pre-mine 
survey data and CVs (Barker and Wild 1998)(Table 4-1) were not compared with the 
current data due to differences between surveys. Comparing between data sets would allow 
the characterisation of the components of the stockpiles, and may help explain the causes of 
variation as being from mixing of materials or natural variation. This would improve 
understanding of variation, and in addition provide information to mine managers 
regarding amelioration of soils to pre-mine conditions. Comparing the surveys, however, 
was not undertaken due to significant limitations in Barker and Wild (1998).
There were considerable differences between the Barker and Wild and current survey, 
and also a lack of sufficient information in Barker and Wild to ascertain if the data could be
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compared. The methods and sampling procedures in Barker and Wild (1998) are unclear. 
Although they reference their methods, the reference does not have clearly outlined 
procedures. Thus, it is difficult to determine if the analytical methods used in Barker and 
Wild are similar to those in this survey, and therefore if direct comparisons between soil 
data can be drawn.
Secondly, there are significant differences between the sampling strategies and methods 
employed in this study and those used in the Barker and Wild (1998) survey. This includes 
the absence of nutrient analysis (Cowell-P, NO3-, total C, total N etc) in the original survey. 
Barker and Wild (1998) also do not have a map of sample locations, and the sampling 
regime is unclear (see Section 4.3.1 for details). Furthermore, the number of samples (three) 
of some soils and stockpiles, both the Barker and Wild (1998) and the current survey, were 
also insufficient to undertake a full analysis of variation and characterisation. Given these 
issues, it was determined that comparisons between pre- and post- mine surveys should not 
be undertaken, as to avoid incorrect conclusions. This mismatch of surveys highlights the 
importance of rigorous and well-documented pre-mine surveys (Chapter 3), which can 
inform post-mine soil survey, management and variation analysis.
4.5.5. Pre-mine surveys
Pre-mine surveys are absolutely essential to inform of changes and variation in soil 
characteristics. This research highlights the issues of poor pre-mine information on soils, 
and issues associated with differences in survey techniques and analytical methods. Chapter 
3 discusses the usefulness of pre-mine surveys to inform managers of variation, 
management decisions and survey options. This research demonstrates the limitations in 
the information available to mine managers for decision-making when there is no pre-mine 
survey, or poorly documented surveys. Therefore, it is vital that pre-mine and post-mine
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surveys have similar sampling and analytical techniques so that research can be compared 
over time (McKenzie and Ryan 2008].
Pre-mine surveys need to consider the changes in soil with mining management. 
McKenzie and Ryan [2008] and others (Ringrose-Voase et al. 2000; Smiles 1997] discuss 
issues of soil sampling and analysis with volume-changing soils, and the need to consider 
alternative sampling arrangements. When considering mine soils, the actions of stripping, 
stockpiling and respreading of the soil change the area and volume (Elliot and Reynolds 
2001; Wick et al. 2009b]. Appropriate sampling that considers these changes needs 
development. If similar methods are used in pre- and post- mine soil surveys, the data can 
be used in decision making in rehabilitation to a pre-mine ecosystem.
Whenever possible, the mixing of soils should be avoided on mine sites and negate the 
issues associated with enhanced SSV, as discussed in Chapter 3. When mine soil is managed 
to limit variation, as discussed in Section 3.5.1 of this thesis, the issue of variation in soil 
characterisation and rehabilitation has the potential to be reduced. Mine sites that have yet 
to strip soil are able to potentially limit the mixing and SSV through careful management of 
soil and stockpiles. Where this is not possible, and pre-mine surveys are limited, 
geostatistical designs (See Chapter 3] could be considered.
4.5.6. Further stockpile sampling and geostatistics
Further analysis of stockpiles should be undertaken to consider the lack of pre-mine
survey information, depth, width and breadth of stockpile variation. Stockpile 
characterisation should consider: large scale excavation of stockpiles to study chemical 
variability and characteristics with depth (Harris et al. 1989]; the conditions and 
construction of each stockpile; compaction and stockpile age; and mixing of materials 
(Abdul-Kareem and McRae 1984; Ross and Cairns 1981]. Known changes that occur with 
stockpiling include decreased OC (Abdul-Kareem and McRae 1984; Ingram et al. 2005], 
higher soluble C (Williamson and Johnson 1990b), and increased pH (Hewgill 1986; Ross
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and Cairns 1981), and the relation of these changes with depth will need to be considered as 
part of rehabilitation and amendment use (Chapter 3). For example, gypsum application to 
the surface of the stockpile (Barker and Wild 1998) may have not been sufficient for the 
inside of some of the stockpiles.
Furthermore, the variation of the materials may not only be at depth, but at horizontal 
distance across the stockpiles. Depending on management strategies, different materials 
may have been placed at different locations around the stockpile. Therefore, it is essential to 
survey the stockpile in three dimensions of depth, width and breadth. This can be done 
using a geostatistical design. Full stockpile characterisation will help determine if gypsum or 
other amendments may be necessary when soil is respread, and the degree of variation 
within the stockpiles that may require management.
A pilot study of one stockpile can be used to design full geostatistical analysis across 
stockpiles. Chapter 3 discusses the role of geostatistical analysis for mine soils, and its 
usefulness when there is limited pre-mine survey. It can be used to analyse variation and 
characterise materials. A pilot study of one stockpile, where location of samples is recorded 
(depth, width and breadth of the stockpile) can be undertaken to inform a larger study of all 
stockpiles. Geostatistics, as discussed in Chapter 3, are known to aid in the successful 
assessment of mine soils, and in understanding variation in materials (Becker et al. 2006; 
Dollhopf 2000; Mummey et al. 2002). A pilot analysis of stockpile characterisation should 
consider randomisation of sampling points for pit excavation (Dollhopf 2000; McKenzie et 
al. 2008). Within the pits, soil should be taken at pre-defined increments and geo-referenced 
locations at scale appropriate for assessing the site. For example, centimetre increments in 
pit for 0-100cm scale variation, and metres between pits for l-100m variation. Sampling 
based on colour or zonation should be avoided, as this type of sampling can bias outcomes 
when trying to understand variation (Baumann et al. 2005; Dollhopf 2000). Micro-suction
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cups or other micro-techniques (Gottlein and Matzner 1997; Gottlein and Stanjeck 1996] 
may also be used to better assess the issue of SSV within the stockpiles.
The outcomes of the sampling can then be up-scaled across a stockpile using kriging or 
other geostatistical techniques to measure characteristics and variation at a larger scale 
(Becker et al. 2006; Mummey et al. 2002]. The data included in a pilot study can be used in 
post-hoc power analysis to design further sampling, research and analysis (Dollhopf 2000], 
as well as used to calibrate standard methods of analysis (Chapter 3].
4.6. Conclusion
Stockpiles at Cowal were determined to have ECe and NÜ3 ' at levels that limit native 
revegetation of the soil. Alternatively, fertiliser is required if the site was to return to 
pasture. Gypsum application is required for all but three stockpiles to reduce dispersion 
potential. Organic amendments should be considered as an alternative to gypsum where 
salinity may limit plant productivity. Mulches and engineering solutions may be used to 
stabilise the soil and improve conditions for revegetation.
Ternary diagrams and cluster analysis of exchangeable cations demonstrated that there 
is a strong possibility of mixed soils, horizons or materials in the stockpiles. This was 
supported by the variation in TC and TN, as related to organic matter distribution in 
stockpiles. High CVs (>50%] were found for all chemical characteristics in the stockpiles. 
Variation in ECe and SCU2- is probably related to gypsum application. Variation in soil 
Colwell-P, N03- and NH4+ is possibly related to soil management and method choice. Colwell- 
P, N03 and ECe may be erroneous estimates of the mean, and are not necessarily reflective 
of requirements for revegetation.
The limitations of pre- and post-surveys make it difficult to determine the exact cause of 
variation of chemical characteristics, and highlights the importance of thorough pre-mine 
surveys. Further surveys at Cowal should consider a geostatistical design that incorporates
103
Chapter Four
depth of stockpile and horizontal distances. The results can then be analysed for small-scale 
variation, soil relationships and characteristics, and up-scaled for the whole stockpile using 
kriging or other geostatistical techniques. Issues associated with the amelioration of 
enhanced SSV mine soils, including chemical analytical methods, are discussed in the 
following chapters (5 -  7).
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5. Assessing enhanced SSV mine soils that have undergone 
inorganic and organic amendments as part of mine 
rehabilitation activities
"Since the starting materials are skeletal and lack most of the physical, chemical and biological 
characteristics of normal soil, the most critical processes are related to soil development." A.D. 
Bradshaw, 1983
The many different soil types in topsoil stockpile two (Photo: Jess Drake)
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5.1. Chapter Summary
This chapter discusses two gaps in the literature, as identified in Chapter 3. The first 
concerns amendment use on respread heterogeneous soil, while the second is that of the 
accuracy and precision of standard chemical and biological indicators used to assess soils with 
enhanced small-scale variation (SSV). The former is addressed through the demonstration of 
the usefulness of organic amendments and gypsum in revegetation; the latter by highlighting 
some standard chemical and biological methods that require further calibration and 
development, echoing the literature in Chapter 3. The development of more robust methods is 
continued in Chapters 6 and 7, with some discussion on a rationale for Phosphorus methods in 
Appendix 5. This chapter uses soil from a stockpile that has had multiple materials added to it, 
and is assumed to have enhanced SSV (Stockpile 2 in Chapter 4). The soil is sampled in a way to 
reflect the heterogeneity of the soil and to emulate the respreading of soil.
5.2. Introduction
Small-scale variation [SSV] in mine soils can cause misleading results, which leads to 
inappropriate amelioration options influencing rehabilitation outcomes (Chapter 3). Small- 
scale variation (SSV) (0-100cm) in mine soil chemical and biological characteristics is 
known to increase as a result of the soils management (Dollhopf 2000; Schafer et al. 1980; 
Sencindiver and Ammons 2000). Enhanced SSV is known to affect the outcome of standard 
soil chemical and biological methods (Mummey et al. 2002; Ross and Cairns 1981; Ussiri 
and Lai 2005), leading to incorrect results (Sun et al. 2010). This directly affects 
rehabilitation options, such as soil amelioration (Hunter and Currie 1956), and 
rehabilitation outcomes. Understanding both the accuracy and precision of standard 
methods, and the effectiveness of rehabilitation methods in these highly variable landscapes 
is essential for successful mine rehabilitation.
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As part of mine rehabilitation activities, organic amendments (mulches, composts and 
manures) (Cox and Wheland 2000; Harris 2009; Harris and Megharaj 2001; Kelly 2006) and 
inorganic amendments (fertiliser, gypsum, lime) (Grigg et al. 2006; Hunter and Currie 1956; 
Smits etal. 2010) are used to improve soil for revegetation. Organic amendments (as 
mulches) are known to aid in the short-term recovery of plant available and total nutrients 
(Seaker and Sopper 1988b; Smith et al. 1985), enhance nutrient cycling (Cox and Wheland 
2000; Shrestha etal. 2009; Smits etal. 2010) and provide essential nutrients for 
revegetation and rehabilitation (Bendfeldt et al. 2001; Schwenke et al. 2001a). Although the 
use of amendments on mine sites is undertaken worldwide (Bainbridge 2007; Bunemann et 
al. 2006; Kelly 2006), their use on highly variable mine soils has only had limited research 
e.g. (Bendfeldt et al. 2001; Seaker and Sopper 1988a; Seaker and Sopper 1988b).
Enhanced small-scale variation can affect the outcomes of standard soil chemical and 
biological methods. Applied to enhanced SSV soils, these methods can yield high variation, 
and inconsistent interferences (Mummey et al. 2002; Ross and Cairns 1981; Ussiri and Lai 
2005). In turn, this creates misleading results (Sun et al. 2010), such as the over or 
underestimation of nutrients for plant growth (Baumann et al. 2005). Respiration 
(Anderson 1982; Degens 1998) and nitrate and ammonium-N (Ross and Cairns 1981) are 
known to have high variation, poor precision and inaccurately determine the mean when 
analysed in enhanced SSV soils. A lack of precision and accuracy when measuring 
microbiological biomass carbon (MBC) (Cookson etal. 2008; Dalai 1998; Martens 1995) and 
organic C fractions (Ussiri and Lai 2005) occurs when enhanced SSV is not considered. 
Misleading results from these methods may lead to inappropriate rehabilitation treatments 
and amendments being chosen for the site (Daniels and Zipper 1988; Hunter and Currie 
1956), and incorrect analysis of the outcome of rehabilitation trials. Improving the 
knowledge of appropriate and reliable analytical methods for heterogeneous mine soils is 
essential in planning and implementing rehabilitation, and has flow-on implications for
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rehabilitation outcomes (Buczko and Gerke 2005a; Gerke et al. 1998; Hangen and Gerke 
2007; Loomer et a l 2007).
This paper aims to assess the usefulness of standard inorganic and organic amendments 
as part of soil improvement and revegetation on the Barrick (Cowal) Gold Mine. The paper 
concurrently assesses the accuracy and precision of the soil chemical and biological 
indicators being used. This paper uses mine soil from the Barrick (Cowal) Gold Mine, that 
has undergone stripping, stockpiling and mixing, and is assumed to have enhanced SSV 
(Sencindiver and Ammons 2000). These soils were then treated with standard rehabilitation 
methods (+/- gypsum, with no mulch or wood mulch or compost) (Cox and Wheland 2000; 
Grigg et al. 2006; Kelly 2006; Smits et al. 2010). Local endemic seeds were sown into the 
soil, as part of the rehabilitation aim for an engineered ecosystem (Drake et al. 2010a). The 
paper uses a glasshouse experiment as a model system (Lawton 1995) emulating field 
conditions for the respreading and rehabilitation of soil on the mine site. A fully randomised 
blocked analysis of variance (ANOVA) design is used in the experiment.
Rehabilitation treatments are assessed using standard soil chemical and biological (soil 
respiration and microbiological biomass carbon) measurements. Average plant counts in 
conjunction with soil chemical measurements are used to determine the usefulness of 
rehabilitation treatments in revegetating the landscape. Extreme high and low chemical and 
biological characteristics were not considered in this analysis, as there is no presence of 
undesirable characteristics (Chapter 3). C:N, C:S, C:P ratios are also calculated to explain 
nutrient adequacy and deficiencies in the soils for primary productivity (Enriquez et al. 
1993; Kirkby and Fattore 2006; Kirkby et al. 2011), and are used as indicators of nutrients 
and the potential revegetation of the mine site.
The coefficient of variation (CV) is used to understand the variation in the data set. CV is 
commonly used to demonstrate the precision of methods (Bendel et al. 1989; Kolins et al. 
1983). Accuracy is determined using correlations with plant or other soil characteristics, as
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well as using research from peer-reviewed literature. Where the CV for characteristics was 
>30%, post-hoc power analysis is undertaken using the equation identified in Dollhopf 
[2000]. The equation was used to determine appropriate sample numbers to reduce 
variance in the data sets. The accuracy and precision of each method was discussed in terms 
of method calibration and statistics.
5.3. Materials and method
5.3.1. Site description and soil properties
The mine soil used in this study is from Barrick (Cowal) Pty Ltd Gold Mine, at Lake
Cowal (Latitude -3363978 South and Longitude 14740631 East) in New South Wales, 
Australia. The region has a yearly mean rainfall of 410.5mm, a mean maximum temperature 
of 34.0QC in January and mean minimum temperature of 3.1QC in July (Bureau of 
Meteorology Weather Station 050017). The mine area is underlined by quaternary alluvium 
of the Cowra and Lachlan formations (King 1998). Prior to mining, the area was used for 
cropping and grazing and had both native and introduced pasture and tree species. Soil has 
been stripped from the site using a grader during varied weather conditions, and then 
stockpiled. Analysis of stockpiles was undertaken by Drake (2009) and Stockpile 2 (Chapter 
4) was chosen to be used in this experiment. This soil was classified as a combination of the 
Lake Cowal, Wah Way and Marsden soil formations (King 1998), containing some or all of 
top and subsoils and some hyper-saline oxide waste. The stockpile was treated with gypsum 
(5t/ha) as per the statutory requirements (Barker and Wild 1998). Natural regrowth of 
grass species occurs sporadically on the pile.
For experimentation (as described below), the stockpile was randomly sampled from 0- 
100cm deep at four locations using a shovel, and added concurrently to a 1000L 
polyethylene container. Approximately 500kg of the stockpile was sent to The Australian 
National University. The soil was not mixed, and remained in a heterogeneous state to
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emulate respreading of the soil. This soil was the sub-sampled into pots for experimentation 
[see below).
After soil was transported to ANU, the analysis of the stockpile was undertaken by New 
South Wales Department of Primary Industries (NSW DPI) Diagnostic and Analytical 
Services. Three randomly selected subsamples from the container, each of 500g, were 
prepared using Rayment and Higgins (1992) method 1B1 and ground prior to analysis. The 
analyses, either from Rayment and Higgins (1992), or in-house NSW DPI methods (where 
numbers are not specified), included: Total Organic Carbon (TOC - Heans), Total Nitrogen 
(TN, Dumas combustion), Colwell P (Colwell 1963)(9B1), KC1 extractable nitrate-N (flow- 
injection) (7C2), Aqua-Regia extracted Total P and S and analysed by 1CP (15E1), 1:5 soil to 
water EC and pH (CaCl2)(3Al and 4B2). The average and CV% of the characteristics is listed 
in Table 5-1. In addition, the mine soil is characteristically sodic as described by Murphy 
(2002), with an average exchangeable sodium percentage (ESP) of 28 (data not shown) and 
an average EC of 1.4dS/m. It is a potentially dispersive soil, as characterised in Chapter 4. 
After this analysis, the mine soil was stored in the open container for 4 months before 
further use.
Table 5-1: Average stockpile chemical characteristics (pH, EC, TOC, TN, TS, TP, NOr, Colwell-P) from 
NSW DPI Analytical Services (n=3). Coefficient of Variation (CV%) has been calculated for each 
characteristic and is in brackets.
pH EC TO C
T o t a l  N (%)
T o t a l  P T o t a l  S
N 0 3 ( m g / k g )
C o l w e l l  P
( 1 : 5  C aC I2) ( d S / m ) (%) ( m g / k g ) ( m g / k g ) ( m g / k g )
8 - 8 . 1 1 . 4  ( 1 0 . 7 ) 0 . 5  ( 2 3 ) 0 . 0 5  ( 4 0 ) 8 0  ( 2 0 ) 6 0 0  ( 1 0 ) 3 0  ( 5 . 8 ) 1 0 . 2  ( 3 0 . 6 )
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5.3.2. Soil amendment characteristics
Two organic amendments (wood mulch and compost) and one inorganic amendment
(gypsum) was used as the standard treatments as part of mine rehabilitation (Cox and 
Wheland 2000; Grigg et al. 2006; Kelly 2006; Smits et al. 2010). The organic amendments 
were chosen based on cost-effectiveness, scale of use, and previous research by Smits et al. 
(2010) that demonstrated the effectiveness of wood mulch on the site. The use of gypsum is 
also required as per the Cowal environmental guidelines (Barker and Wild 1998).
The compost was sourced from Mudgee Composting Service and includes material 
sourced from cattle-feedlots, native and non-native wood mulch, microbiological and fungi 
inoculations, rock phosphate, and pasture hay. Composting was undertaken in windrows, 
which were occasionally turned. Wood mulch was derived from Australian native and non­
native woody species (Barker and Wild 1998) stripped prior to mining at Cowal and later 
mulched and placed into windrows on site. The composition of the mulch included bark, 
twigs, sticks, and cardboard, with a maximum diameter of 100mm. Mulch analysis was 
undertaken by NSW DPI Diagnostic and Analytical Services, using the same methods as for 
the mine soils (above), with the addition of microbiological biomass carbon (chloroform 
fumigation extraction). The average properties are in Table 5-2. Compost is saline with 
elevated nutrient levels, which may be due to supplements in cattle-feedlot manure 
(Cameron et al. 1997; Edmeades 2003), but has a C:N ratio sufficient for plant growth 
(Hazelton and Murphy 2007). Wood mulch has a higher TOC and C:N, and lower nutrients 
than the compost, associated with the carbon dominant source materials. Gyprock was 
assumed as being 88% pure gypsum (as per manufacturer certificate), and thus containing 
511.6 cmol/kg gypsum. The impurities included clays and paper products.
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Table 5-2 Average (n=3) properties (pH, EC, TOC, TN, C:N, TS, TP, NO3-, Colwell-P) of Compost and 
Wood mulch from NSW DPI Analytical Services.
Mulch Type pH
EC
(dS/m )
TOC
(%)
Total N 
(%)
C:N
Total P 
(mg/kg)
Total S 
(mg/kg)
N 0 3
(m g/k g)
Colwell P 
(m g/kg)
MBC
(m g/k g)
C o m po st 7 .26 5.3 9.8 0 .95 10 .32 3 1 0 0 5 0 0 0 87 .3 173 0 .91
W o o d m u lch 5.5 3 0 .9 9 20 .7 0 .5 5 3 7 .6 4 100 4 0 0 2.8 38 2 .0 8
5.3.3. Soil biology experimental design
Two incubation rooms were used at The Australian National University for biology
experiments: one for the MBC (mg-C/kg-soil) and the other for the soil respiration (CO2- 
C/kg soil/day) experiment (see Appendix 2 for photos). Two rooms were used so that the 
incremental sampling of MBC did not affect the surface measurements of soil respiration. 
Disturbance, through sampling, can affect microbiological dynamics and community (Harris 
2003), which can lead to inconsistent results.
Both rooms (soil respiration and MBC) had the same experimental design. The soil was 
used in the condition as it was received from the mine to emulate respreading onto the mine 
site as part of rehabilitation. The soil was used as part of a 2x3 factorial experiment, with 
treatment factors being plus or minus gypsum and one of three mulch options (none, 
compost or wood mulch), for a total of six treatments. Each of these treatments was 
replicated twelve times. For respiration, 250g soil was added to a 130mm diameter 
container. For MBC, 1.5kg soil was added to a 150mm tall x 200mm diameter container. In 
both respiration and MBC pots, mulch was spread at 1cm depth, as typically used on mine 
sites in NSW (Kelly 2006). Gypsum was added at a rate of 10t/ha of Gyprock, as per Cowal 
requirements (Barker and Wild 1998). Treatments (mulches +/- gypsum) were then 
scarified into the top of the soil to make it more available to microbiological biomass, and to 
promote decomposition and cycling (Skjemstad et al. 1998). Twelve replicates of the 
factorial design ( 2 x 3  factorial groups) were laid out on four shelves; three positions per 
shelf in each incubation room (see Appendix 2 for photos). These positions acted as the
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stratum for ANOVA analysis. Incubation was undertaken for eight weeks prior to the first 
sampling. This period allowed for any variation associated with initial effects of 
decomposition, which happens in the first 20 days after organic amendments are applied 
(Muneer and Oades 1989) to be avoided. The soils in each room were then sampled for MBC 
and respiration four times at intervals of 8, 16, 24 and 32 weeks (sampling weeks) into the 
experiment. Soil for MBC was sampled by taking a full quarter of the pot (from surface to the 
base of the pot), removing the organic material, mixing and then sub-sampling for analysis.
The temperature conditions and soil moisture were controlled in both rooms. Watering 
was undertaken to reflect natural wet-dry cycle conditions. 200mL of water for MBC and 
33mL of water for respiration was given to each pot every two weeks. The volume of water 
was calculated based on: volumetric water content (0v) of the soil and saturated water 
content (0s); plant available water capacity (as 33% 0s); and drying rates (measured as 
changes in 0v of the soil over two weeks). The minimum plant available water was never 
allowed to fall below 10% 0s. The amount of water given to pots was recalculated whenever 
soil was removed. Temperature was controlled in each room using air conditioning. An EL- 
USB-2-LCD relative humidity and temperature data-logger was used to record natural 
variation and fluctuations in temperature and humidity between the rooms. The 
temperatures fluctuated between rooms, with a maximum of between 19 and 22.5°C, and a 
minimum of between 11.7 and 16.2°C, with relative humidity between 66.5 and 70.5%. Both 
rooms remained dark for the duration of the experiment.
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5.3.4. Soil biology methods
A modified chloroform fumigation extraction (CFE) method (Vance et al. 1987) was used 
to determine MBC. Three 10g samples of equivalent oven-dried soil were sampled and 
weighed out for: 1) fumigation and extraction; 2) extraction without fumigation; and 3) 
determination of oven-dried soil moisture (%). The first group of samples were weighed 
into specimen containers and fumigated with 25mL of chloroform for 60 hours in air-tight 
polycarbonate containers. Water was added to the base of the polycarbonate containers to 
prevent drying. The second group of samples were covered and put in the fridge for 60 
hours. Prior to extraction, the refrigerated samples were allowed to stabilise at room 
temperature. The third group of samples were oven dried at 80QC for 60 hours. The first two 
groups of samples were extracted using 1:4 soil (weight) and 0.5M K 2 S O 4  (volume), followed 
by a digestion using concentrated H 2 S O 4 ,  85% H 2 P O 4  and 8% K2Cr2 0 7 . Analysis of C content 
of the samples was undertaken on a Cary-50 spectrophotometer at 625nm using glucose 
standards, and MBC was calculated using Equation 5.1 from Vance etal. (1987). No 
correction in the calculation of MBC was made for the CP used in chloroform fumigation. 
Wong et al. (2008), who undertook an experiment in similar conditions, found Cl from 
chloroform to have no affect on MBC analysis. The MBC is calculated as mg-C/kg-soil.
MUC = 2 .64*  (C ill fumigated soll C ill non fumigated soil) (Equation 5.1)
The soil respiration method was adapted from Wollum and Gomez (1969) using alkali- 
adsorption of respired CO2. Vials containing 8mL 0.5M KOH were placed into polycarbonate 
airtight containers for 24 hours with the individual replicates of treated mine soils. Blanks 
(with no soil) were also prepared and recorded to account for headspace CO2. The EC of the 
KOH was then measured after 24hrs of respiration using an Orion 5 Star EC probe and 
meter. The CO2 respired was calculated using Equation 5.2.
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= ( '
96.04 (EC1-ECS-ECB)
(Equation 5.2)r LC1 -  EC2
In this equation: 96.8mg is the maximum amount of CO2 8mL of KOH can absorb; EC1 is 
the EC of the fresh KOH used; ECS is the EC of the KOH used in respiration; ECB is the 
average EC of the blanks; EC2 is the EC of fully saturated KOH exposed to the respiring soil; 
144 is the surface area of the soil; and T is the amount of time (minutes) the KOH was in the 
container with the soil. The respiration is calculated as mg CO2-C /kg soil/day.
5.3.5. Soil chemistry experimental design
Two glasshouses at The Australian National University were used for the soil chemistry
trials beginning March 2009 and ending August 2010 (see Appendix 2 for diagrams and 
photo). As in the soil biological experimental design, the soil was used in the same condition 
as it was received from the mine, thus emulating respreading as part of mine rehabilitation. 
The soil was then used in the same factorial design, as described in section 5.2.3, but as part 
of a glasshouse experiment (sees Appendix 2 for diagrams). Approximately 3.6kg of soil was 
weighed into 96 x 200mm pots. The weight of the mulch application was determined using 
previous research by Smits (2008) as 9t/ha. The gypsum application rate and scarification 
of mulches into the soil surface was also the same as above (Section 5.2.3).
Local endemic plant seeds from the mine site were added to this experiment to emulate 
the standard rehabilitation practices for the site. The seed mix added to each pot included: 
ten seeds of each species of Themeda triandra (Kangaroo Grass), Austrostipa nodosa (knotty 
spear grass) and Casuarina cristata (Belah). All seeds were sourced from Cowal and 
surrounds between 2005 and 2008. Seeds were sown into the pots at 15mm depth and 
covered with soil and mulch (Liles 2004). 2.5g of Wildflower Seed Starter was added to 
every pot after sowing. This product contains vermiculite with butenolide, which is derived
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from combusted cellulose material and aids in germination of fire responding species 
(Flematti etal. 2004).
The pots were grouped into 16 sets, with eight replicates of the factorial design laid out 
in each glasshouse: two sides per glasshouse and four positions (left to right on each side) 
(see Appendix Two for diagrams). The glasshouses and the positions in the glasshouses 
acted as the stratum for the ANOVA. To avoid error associated with initial effects of 
decomposition (0-20 days post amendment application) (Muneer and Oades 1989) and to 
provide adequate time for the germination of plants, the first sampling of soil was 
undertaken at 12 weeks. The pots were then sampled for soil analysis at intervals of 12 
weeks: 12, 24, 36, 48, 60 and 72 sampling weeks. This surpasses the two to four seasons of 
growth required for useful data in biological experiments (Bunemann et al. 2006; Loch and 
Orange 1997). Soil was sampled by first removing organic materials, and then taking a 
sample 30mm x 30mm x 100mm deep. Soil was then backfilled into the hole with the 
location the soil was taken from marked. Organic material was then placed back over the 
soil.
Temperature and watering of soil were controlled in each glasshouse, similar to the 
biological experiment. Drying and rewetting of soil has previously shown to stimulate the 
mineralisation of organic matter (Amato et al. 1984), and thus plays a role in organic 
amendment decomposition and nutrient cycling of soils. For the first watering, pots were 
given 800mL water, and until plant germination all pots received 300mL every two-three 
days. After this time, each pot received 210mL of water every two or three days. The time 
between watering was dependant on season, temperature and relative humidity. The 
volume of water was calculated based on: volumetric water content (0v) of the soil and 
saturated water content (0s); plant available water capacity (50% of the 0s until 
germination and then 35% of the 0s after germination); and drying rates (measured as 
changes in 0v of the soil over four weeks). The calculations were derived by averaging the
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data across all treatments. All pots sat in dishes, which caught some excess water and 
minimised soil loss. Both glasshouses had thermostats set at a minimum of 10°C and 
maximum of 30°C.
5.3.6. Soil chemistry measurements
After sampling, all soil samples were air-dried for one week, crushed, and sieved to 
2mm. Measurements of total C, N, P and S in addition to nitrate-N were undertaken on 
milled samples (<2mm) at the Environmental Analysis Laboratory, Southern Cross 
University. P-fractions, pH (1:5 water] and EC (1:5] were undertaken on 2mm sieved 
samples at The Fenner School Laboratory, The Australian National University. Sulfate-S and 
ammonium-N were not undertaken due to problems with high error rates in sulphate-S 
turbidimetric methods (Reisenauer et al. 1973; Tabatabai 1996] and the presence of high 
levels of turbidity in ammonium-N extracts (Mulvaney 1996) caused by the presence of 
gypsum and cations (see Chapter 7).
Total C and total N (TC and TN) was undertaken using a LECO CNS-2000. Total P and S 
(TP and TS) was extracted using the Aqua Regia method (Rayment and Higginson 1992) and 
analysed using Perkin Elmer Elan DRC-e Inductively Coupled Plasma Optical Emission 
Spectrometry (APHA 3120 lCPOES)(Eaton et al. 2005). NO3 -N was extracted in 1:10 KC1 and 
analysed on a Lachat Flow Injection Nutrient Analyser (APHA 4500 NO3—F)(Eaton et al. 
2005). Water soluble-P (WP) and bicarbonate-P (BP) were undertaken using partial 
fractionation as described by Lajtha et a l . (1999) and Drake et al. (2010c), as adapted from 
(Hedley and Stewart 1982). Samples were analysed using Malachite Green, a Cary-50 
spectrophotometer set at 630nm and analysed against a set of standards. Soil was also 
analysed for air-dried soil moisture (%) and pH (1:5 CaCU) and EC (1:5 soil/water) (4B2 
and 3A1) (Rayment and Higginson 1992). The ratios of C:N, C:P and C:S were also calculated 
to explain nutrient adequacy and deficiencies in the soils for primary productivity (Kirkby
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and Fattore 2006; Kirkby et al. 2011), that would affect revegetation of the mine site. Ratios 
from Himes (1998) as adapted by Kirkby et al. (GRDC 2008; 2006) were used to assess soil- 
plant relationships in this research.
5.3.7. Plant counts
Counts of all plants, trees (Casuarina), grasses (Austrostipa and Themeda) and weeds 
(non-planted species) were also undertaken along with the soil chemistry experiment. Plant 
counts were undertaken when soil was sampled at 12, 24, 36, 48, 60 and 72 weeks. Counts 
of total plants and species groups are a realistic measure undertaken on mine sites (Koch 
and Hobbs 2007; Tongway and Ludwig 2011). Destructive and intensive sampling is 
uncommon on mine sites undergoing rehabilitation and revegetation, as sampling may 
affect ecosystem recovery and is labour intensive over large distances. No surface sealing, 
that may affect germination, was noted to occur during the experiment.
5.3.8. Statistical analysis
The data from the soil biology (incubation rooms) and soil chemistry (glasshouses) 
experiments were analysed using GenStat 12.0 and Microsoft Excel 2007 statistical 
programs. A general ANOVA was undertaken to assess differences in treatments (mulches 
and gypsum) using multistratum analysis (glasshouse and positions within 
glasshouse/rooms) with sampling weeks as sub-plots. Using power analysis, 12 (biology) 
and 16 (chemistry) replicates for each treatment were determined as being appropriate for 
the ANOVA design. The design of the experiment, in combination with ANOVA analysis, 
considers both within and between pot variation in the analysis of effects (Webster 2007). 
ANOVAs are commonly used in experimental design and analysis for soil research (Webster 
2007). These statistical methods have demonstrated to be robust in the analysis of mine 
soils (Chapter 3).
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Where variance ratios were significant, least significant differences (LSDs) at P<0.05 
were calculated and checked against the appropriate orthogonal contrasts. Normal 
distribution of each soil characteristic was checked using the residual plots generated from 
a general analysis of variance (ANOVA) (Appendix 3). Transformation of non-normal data 
was conducted as per the following: TP, TS and BP transformed using log (baselO); TN and 
TC using double log; NO3' and WP with complementary log-log; and square root for MBC.
The coefficient of variation (CV%) was undertaken on the transformed data, and this was 
used in combination with the residual plots to determine a reduction in variation and 
improved data distribution (normal distributions) (see Appendix 3). Back-transformed data 
was used for averages and in graphs. Outliers have been included in the data 
transformations after careful reanalysis and scrutiny (Henderson et al. 2008), as they 
exhibit issues associated with enhanced SSV soils.
The graphs of each soil characteristic are shown in groups of rehabilitation treatment 
(mulch, compost, no mulch +/•• gypsum) by sampling week. Error bars are not included on 
the graphs, as the CV for each characteristic is listed in text. Correlations between soil 
chemical data and plant counts were undertaken using transformed data (Appendix 4). In 
addition, a regression between soil chemical data and plant counts (Appendix 4) was 
undertaken using averages of back transformed data. Averages were used in place of 
transformed data, due to the null (0) plant counts. Averages were calculated from replicates 
of samples by sampling week (12 -72 weeks) and mulch type (no mulch, compost and wood 
mulch), with a total of 32 replicates averaged at each point.
The overall CV for each characteristic was also determined from the general ANOVA 
using the transformed data with full blocking (location of pot, treatment and period). The CV 
shows the underlying variation, whilst excluding variation caused by experimental design, 
time (sampling weeks) and treatments (mulches and gypsum). It is expressed as a 
percentage of the standard deviation divided by the average. CV is commonly used in mine
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soils to quantify variation in a data set, with: >100% being very high (Dollhopf 2000), > 50% 
being high (Bolland and Allen 1998], and <30% not considered high (Lande 1977). CVs are 
often used to describe precision of methods (Bendel et al. 1989; Kolins et al. 1983). As CVs 
can not be calculated for pH (even with conversion) (Webster 2001), they were not 
calculated for the pH of the soils in this study or original Barker and Wild (1998) soils. 
Correlations between chemical data and plant counts were used to determine the accuracy 
of methods.
Post-hoc power analysis was undertaken for soil characteristics that had CVs > 30%. 
This was to determine a minimum number of replicates given a particular range of error, 
independent of variation over time or from treatment. The equation from Dollhopf (2000) 
was used (Equation 5.3) for the post-hoc analysis, and it has been derived to consider a 95% 
confidence limit (Snedecor and Cochran 1980).
1rSU~
t i ---- p — (Equation 5.3)
Here n is the number of samples required, SD is the standard deviation of the data set 
and L is the accepted error as a percentage of the mean of the data set. The equation 
assumes a normal distribution, and transformed data was used.
5.4. Results
5.4.1. Soil biology
MBC did not show any significant differences between the levels of the treatment 
factors. There were, however, differences (P<0.05) between sampling times with means of 
720, 225, 898 and 600 mg-C/kg soil respectively for the four sampling weeks. The soil 
respiration rate was strongly (P<0.05) influenced by mulch type and sampling weeks, and 
the interaction between mulch and sampling week. The interaction between sampling week 
and mulch (LSD=6.74%) can be noted in the decline in the soil respiration rates for wood
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mulch and compost, and the slight increase for no mulch over time (Figure 5-1). The 
sampling week also affected soil respiration results (LSD = 3.49%) irrespective of mulch 
type. The highest soil respiration was at 16 weeks with an average of 46.0 mg CO2-C /kg 
soil/day across treatments and the lowest at 32 weeks with an average of 31.6 mg CO2-C /kg 
soil/day across treatments (Figure 5-1). Soil respiration was significantly different between 
all mulch types, with LSD of 4.32%. Wood mulch had a higher soil respiration rate (78 mg 
C02-C/kg soil/day) compared to both no mulch (13 mg CCVC/kg soil/day) and compost (33 
mg C02-C/kg soil/day). Moisture (%) was not strongly correlated with MBC or soil 
respiration (r2= 0.3999 and 0.2057 respectively). The overall CV for MBC was 49.9% and 
25.9% for soil respiration. A table of data for soil respiration and MBC can be found in 
Appendix 4.
Figure 5-1: Average (n=24) soil respiration (mg COz-C/kg soil/day) for each mulch type (no mulch, 
compost and wood mulch) in each sampling week (8 ,16,  24, 32 weeks).
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5.4.2. Soil chemistry
5.4.2.1. Electrical conductivity
A table for all soil chemical data is in Appendix 4. The EC (1:5) of the soil was strongly 
influenced (P<0.05) by the presence of gypsum (LSD = 0.18%) and mulch type 
(LSD=0.23%)(Figure 5-2). The EC had an overall high average w ith  gypsum of 2.96dS/m 
compared to 1.92dS/m w ith  no gypsum. It was highest under compost addition (2.72dS/m), 
compared to 2.44dS/m for no mulch and 2.17dS/m for wood mulch. EC was moderately 
positively correlated w ith  TS (r2=0.5809). The CV for EC was 49.1%.
’Compost + Gypsum 
■No mulch + Gypsum 
•Wood mulch + Gypsum
' Compost 
1 No Mulch 
Wood mulch
Figure 5-2: EC (dS/m)(n=16) of enhanced SSV mine soil treated with no mulch, compost or wood 
mulch and +/- gypsum, measured at 12, 24, 36, 48, 60 and 72 weeks since amendment application
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5A.2.2. pH
The pH was strongly related (P<0.05) to the presence of gypsum (LSD=0.02%), mulch 
type (LSD =0.02%), sampling week (LSD=0.03%), and the interaction between mulch type 
and sampling week, and mulch, sampling week and gypsum (Figure 5-3). pH was 
consistently higher with no mulch (7.82) compared to compost (7.76) and wood mulch 
(7.73), and was higher without gypsum (7.99) compared to with gypsum (7.76). pH was also 
considerably different over time, with a higher pH across treatments in weeks 48, 60 and 70 
(average pH of 8.0) compared to weeks 12, 24 and 36 (average pH of 7.6).
8.2 -I
a. 7.6 H
7.4 -
7.2 - ■Wood mulch + Gypsum 
Wood mulch
12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks
Figure 5-3: Average pH (n=16) of enhanced SSV mine soil treated with no mulch, com post or wood mulch 
and +/- gypsum, measured at 12, 24, 36, 48, 60 and 72 w eeks since am endm ent application
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5 A .2.3. Moisture
M oisture was strong ly related (P<0.05) to the sam pling week (LSD=0.93%), mulch type 
(LSD=1.13 %) and th e ir in te raction  (LSD=1.84% )(Figure 5-4). Wood mulch had the highest 
average m oisture (19.7% ), compared to no mulch (11.9% ) and compost (12.6% ). This was 
in add ition  to fluctuations in m oisture over tim e (Figure 6-3). The CV for m oisture  was 
22 .2% .
Compost
No Mulch
Wood Mulch
12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks
Figure 5-4: Average Moisture (%) (n= 32) of enhanced SSV mine soil treated with no mulch, compost 
or wood mulch, measured at 12, 24, 36, 48, 60 and 72 weeks since amendment application
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5.4.2.4. Total carbon and nitrogen
TN and TC was significantly influenced (P<0.05) by mulch type (LSD = 0.01% for TN, 
0.03% for TC) and the interaction between mulch type and sampling week (LSD = 0.02% for 
TN, 0.06% for TC) (Figure 5-5 and 5-6 respectively). There was significantly more TN with 
compost (0.17%) that with no mulch (0.05%) and wood mulch (1299.0mg/kg and 0.08%). 
TC was consistently higher with wood mulch (1.9%) that with compost (1.4%) and no 
mulch (0.6%). TN and TC had different trends over time depending on the mulch type 
(Figure 5-5 and 5-6). TN was consistently higher with compost (Figure 5-5) and appeared to 
decrease over time in all treatments. TC was consistently higher under wood mulch, with an 
overall declining trend under both mulches and a stable trend with no mulch (Figure 5-6). 
The CV for TN was 2.3% and 4.1% for TC. TN and TC were moderately positively correlated 
(r2=0.5777). TN was also moderately negatively correlated with WP (r2=-0.5770), BP (r2=- 
0.5682) and TP (r2=-0.7611).
12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks
Wood MulchNo MulchCompost
Figure 5-5: Average total nitrogen (TN %) (n=32) of enhanced SSV mine soil treated with no mulch, 
com post or wood mulch and +/- gypsum, with TN measured at 12, 24, 36, 48, 60 and 72 weeks since 
am endm ent application
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12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks 
...♦..Compost ...No Mulch ..........A11 Wood Mulch
Figure 5-6: Average total carbon (TC %) (n=32) of enhanced SSV mine soil treated with no mulch, 
com post or wood mulch and +/- gypsum, with TC measured at 12, 24, 36, 48, 60 and 72 w eeks since 
am endm ent application
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5.4.2.5. Total sulphur
TS was strongly influenced (P<0.05) by mulch type (LSD = 0.04%), the presence of gypsum 
(LSD = 0.04%) and sampling week (LSD=0.06%) (Figure 5-7). TS was higher with gypsum 
treatments (average of 2412.6mg/kg) than without (590 mg/kg). TS was higher with 
compost (1832.9mg/kg) compared to no mulch (1323 mg/kg) and wood mulch 
(1299.0mg/kg). TS generally remained steady with very small declines with no gypsum 
application (Figure 5-7), but had a strong decline over time with gypsum application (Figure 
5-7). The CV for TS was 7.6%.
—1 Compost + Gypsum 
B Compost
—A— No mulch + Gypsum 
)( No Mulch
1 )K Wood mulch + Gypsum 
#  Wood mulch
4500
4000
3500
3000
1500
1000
12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks
Figure 5-7: Average total sulphur (TS m g/kg) (n=16) of enhanced SSV mine soil treated with no mulch, 
com post or wood mulch and +/- gypsum, with TS measured at 12, 24, 36, 48, 60 and 72 w eeks since 
am endm ent application
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5A.2.6. Nitrate-N
NO3' was significantly influenced (P<0.05) by mulch type (LSD = 0.3%), sampling week 
(LSD=0.4%), and with the interaction between mulch type and sampling week (LSD 0.7%).
NO3' was consistently higher with compost, and fluctuated over time with all treatments 
(Figure 5-8). It increased in the final week for no mulch and wood mulch and decreased with 
compost (Figure 5-8). The overall average N0 3 -was 145.9mg/kg for compost, 24.6mg/kg for 
no mulch and 15.6mg/kg for wood mulch. The CV for NO3 was 52.3%.
Compost + gypsum 
Compost
No Mulch + gypsum 
No Mulch
Wood mulch + gypsum 
Wood mulch
12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks
Figure 5-8: Nitrate-N (NOr mg/kg) of enhanced SSV mine soil treated with no mulch, compost or 
wood mulch and +/- gypsum, with TP measured at 12, 24, 36, 48, 60 and 72 weeks since amendment  
application
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5.4.2.7. Total, water and bicarbonate phosphorus
TP was strongly influenced (P<0.05) by mulch type (LSD = 0.02) and the interaction
between sampling week and mulch type (LSD = 0.04) (Figure 5-9). There was significantly 
more TP with compost (412.3 mg/kg) than with no mulch (100.5 mg/kg) and wood mulch 
(104.5 mg/kg). TP generally had a declining trend over time under compost, with a large 
decrease at 72 weeks. The CV for TP was 5.6%.
WP was strongly related (P<0.05) to mulch type (LSD = 0.2%), gypsum presence (LSD 
=0.1%), sampling week (LSD=0.2%), and all combinations thereof (Figure 5-9). Bicarb-P 
was strongly influenced by gypsum (LSD = 0.02%), mulch type (LSD = 0.02%), sampling 
week (LSD=0.03%), and the interaction between sampling week and mulch type (LSD = 
0.05%). There was significantly more water and bicarb-P with compost (40.5 and 162.7 
mg/kg respectively) as compared to no mulch (4.2 and 31.7mg/kg)) and wood mulch (3.3 
and 33.1mg/kg)(Figure 5-9). BP and WP fluctuated differently over time depending on the 
mulch type and/or gypsum presence, but generally declined under all treatments except for 
compost with gypsum (Figure 5-9). On average, there was more water-P without gypsum 
(22.5mg/kg) then with gypsum (9.5mg/kg). This was converse for bicarb-P, where the 
average was higher with gypsum (81.49mg/kg) then without gypsum (70.2mg/kg). WP and 
BP were moderately correlated with each other (r2=6190), and also individually with TP 
(r2=6916 and 6604 respectively). The CV for WP was 26.3% and 6.3% for BP.
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Figure 5-9: Average of W ater-P  (W P), Bicarbonate-P (BP ) and Total phosphorus (TP) (n =16) (m g /kg ) of 
enhanced SSV mine soil treated w ith  no mulch (NM ), compost (C) or wood mulch (W M ) and the mulches 
w ith gypsum (NMG, CG and WMG respectively), measured at 12, 24, 36, 48, 60 and 72 weeks since 
am endm ent application. TP also includes WP and BP.
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5.4.3. Nutrient ratios
ClarifyC:N (Figure 5-10) was significantly influenced (P<0.05) by mulch type (LSD = 
0.02%) and mulch type with sampling week (LSD = 0.06%). Overall, the lowest C:N ratio 
was under compost (9.17), with the highest under wood mulch (23.76), followed by no 
mulch (12.54). Figure 5-10 demonstrates that the highest C:N ratio was under wood mulch 
in the first sampling week (12 weeks), and this decreased to week 36 and then increased 
again at 48 and 60 weeks. The C;N ratio was steady for compost and no mulch until 60 
weeks when it also increased (Figure 5-10). For all mulches, the C:N ratio decreased again 
by the 72 week sampling period (Figure 5-10).
gure 5-10: The average (n=32) C:N ratio for each mulch type (compost, no mulch and wood mulch) +/- 
gypsum over 12 -  72 sampling weeks.
132
Managing the Mixing
The C:P nutrient ratio was significantly influenced (P<0.05) by mulch type (LSD =
0.04%] and mulch type with sampling week (LSD = 0.07%). Overall, the lowest C:P ratio was 
under compost (38.8) and the highest for wood mulch (198.3), followed by no mulch (65). 
Figure 5-11 demonstrates that the highest C:P ratio was under wood mulch in the first 
sampling week (12 weeks), and the ratio generally decreased over time. The C:P ratio was 
generally steady for compost and no mulch (Figure 5-11).
gure 5-11: The average (n=32) C:P ratio for each mulch type (compost, no mulch and wood mulch) +/- 
gypsum over 12 -  72 sampling weeks.
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The C:S nutrient ratio was significantly influenced (P<0.05) by mulch type (LSD = 
0.05%), gypsum (LSD = 0.04%), sampling week (LSD = 0.06%), and mulch type with 
sampling week (LSD = 0.11%). Overall, the lowest C:S ratio was under no mulch (9.33) and 
the highest for wood mulch (31.66), followed by compost (14.1). Gypsum-treated soil had 
the lowest C:S ratio of 7.49 compared to 29.24 with no gypsum. Figure 5-12 demonstrates 
that the highest C:S ratio was under wood mulch in the second sampling week (24 weeks), 
and the ratio for wood mulch was generally lower but fluctuated over time. The C:P ratio 
generally increased for both compost and no mulch over time (Figure 5-12).
♦ Compost
—®— Compost + Gypsum 
Ml No mulch 
)( No mulch + Gypsum 
)K Wood mulch
#  ................Wood mulch + Gypsum
Sampling Week
Figure 5-12: The average (n = 16) C:S ratio for each mulch type (compost, no mulch and wood mulch) +/- 
gypsum over 12 -  72 sampling weeks.
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5.4.4. Plant counts
The total number of plants was influenced (P<0.5) by the mulch type (LSD=0.50%), with 
more plants with wood mulch (2.4 plants) compared to compost (1 plant) and no mulch (1.4 
plants). When sampling week was considered, mulch type and gypsum also had a significant 
influence (P<0.05), as did the combination of all three factors (Figure 5-13). This resulted in 
fluctuating plant counts over time for each treatment, and generally lower plant counts with 
gypsum amendments (Figure 5-13). Total plant counts, originally higher with wood mulch, 
decreased over time. At 72 weeks all treatments had similar plant counts (1.3 -  1.6 plants) 
apart from compost with gypsum, which had lower plant counts (0.4 plants).
Weeds were not influenced by any of the treatments or by time. Casuarinas and grasses 
were strongly (P<0.05) influenced by mulch (LSD=0.1% and 0.13% respectively) and the 
interaction between mulch and sampling week (LSD =0.13% and 0.18% respectively), which 
had varied trends for each mulch and plant type, similar to Figure 5-13. Grasses were also 
strongly influenced by sampling week (LSD = 0.08%), with the lowest average count in the 
last sampling week (72 weeks) of 0.74 grasses per pot (data not shown). Overall, compost 
had the lowest count of grasses and casuarinas (0.5 and 0.2 respectively) compared to no 
mulch (1 grass and 0.2 trees) and wood mulch (1.5 grass and 0.8 trees).
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12 weeks 24 weeks 36 weeks 48 weeks 60 weeks 72 weeks
No mulch + GypsumCompost + Gypsum Compost
)K Wood mulch + GypsumNo Mulch Wood mulch
Figure 5-13: Average plant counts (n = 16) with each mulch (compost, no mulch and wood mulch) +/- 
gypsum at each sampling week (12 - 72 weeks).
5.4 .5 . Plant counts and soil chemical data
Correlations (using transform ed data] and regressions (using back transform ed
averages across treatm ents) between p lan t count data and soil chemical indicators can be 
found in Appendix 4. There was no re la tionsh ip  between TC, TN, TP, TS, EC, pH, WP, BP, NO;y 
and any p lant count data, e ither as a corre la tion  using the transform ed data or from  
regressions using the averages. M oisture had a positive re la tionsh ip  w ith  to ta l p lant counts 
(r=0.5007). C:N, C:P and C:S ratios all had sign ificant re la tionships w ith  the p lant data, when 
using regressions on averaged data. C:N and C:S had a positive re la tionsh ip  w ith  to ta l plants 
( r2=0.6776 and r 2= 0.536) and Casuarina counts ( r2=0.697 and r 2= 0.6394). C:P had positive 
corre la tions w ith  to ta l ( r2=0.8027), grasses ( r2=0.6539), and Casuarina ( r 2=0.6861) counts,
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and not with weeds (r2=0.0193). There were no other significant relationships between 
plant counts and soil chemical data (see Appendix 4).
5.4.6. Sample Sizes
Increased sample sizes may be needed to reduce variability where the overall CVs 
calculated by ANOVA are >30%. The samples sizes needed for 95% confidence within +/- 
10, 30, 30, 40 and 50% mean for MBC, EC and NCV are in Table 5-3. The equation from 
Dollhopf (2000) was used to calculate sample numbers, as per section 5.3.8. To have 10% 
error, sample sizes for MBC, EC and NO3 are all over 100. 30% error is closer to the 12 
(biology) and 16 (chemistry) samples used in this study (Table 5-3).
Table 5-3: Number of sam ples required for 95% confidence, where allowable error is +/- 10%, 20%, 
30%, 40% or 50% of the mean for MBC, respiration, EC, NOr, using the average of the overall dataset 
(n=576 for nutrients and n=288 for biology). Transformed data is used for NOr and MBC
+ /-  Error (%) MBC EC N 0 3
1 0 1 2 3 1 4 9 1 7 2
2 0 3 1 3 7 4 3
3 0 1 4 17 19
4 0 8 9 11
5 0 5 6 7
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5.5. Discussion
5.5.1. Soil biology and rehabilitation treatments
Unlike previous research undertaken on MBC and mulch applications in m ine
environm ents (W illiam son and Johnson 1991; W illiam son and Johnson 1994a), mulch type 
d id not s ign ificantly  affect MBC. This may be a ttr ibu ted  to: post-stockp iling  colonisation by 
m icrob io log ica l surv ivors u tilis ing  rem nant food sources, which po ten tia lly  form ed a 
baseline com m unity  (Johnson et al. 1991; W illiam son and Johnson 1991); o r insu ffic ien t 
tim e fo r the stab ilisation o f the com m unity  to the inpu t (Degens and Sparling 1996; Muneer 
and Oades 1989). The high varia tion  (CV 49.9% ) in the data set, even after transform ation, 
could be masking a possible re la tionsh ip  between MBC and mulches by causing a Type 1 
error. The issue regarding the varia tion , statistica l analysis and method choice fo r MBC is 
discussed in greater detail in Section 5.5.4. There was no correction made for Cl in the 
determ ination  o f MBC, as there was no effect o f Ci on analysis, as s im ila r to findings by 
Wong et al. (2008). Therefore, Cl is un like ly  to have an effect on the varia tion.
Overall, the greatest soil resp ira tion  was under wood mulch. High carbon inputs, such as 
wood mulch, are known to increase soil resp ira tion  rates, re la tive to o ther lower-C and 
balanced n u tr ie n t sources (K irkby  and Fattore 2006), dem onstrating greater C- 
m inera lisa tion  (Z ibilske 1994). This was reflected in the cu rren t research, where there was 
higher soil resp ira tion  under wood mulch compared to e ither compost or no mulch (Figure 
5-1). This biological response to wood mulch may be im po rtan t in the early stages o f 
rehab ilita tion , where s ign ificant changes and grow th  o f b iological com m unities are 
im po rtan t fo r n u tr ie n t cycling and p lant establishm ent (De Deyn et al. 2004). However, this 
biological response may have only been possible due to the adequate amounts o f n itrate-N  
(Table 5-1) available in the soil substrate.
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Conversely, Pascual et al. (1998) found tha t the application o f high-C mulches (such as 
wood m ulch) only had short-te rm  benefits on n u tr ie n t cycling. A lthough high-C mulch 
im m edia te ly  increased m icrob io log ica l ac tiv ity  and C-m ineralisation re la tive to composted 
mulch, the longer-term  research found tha t composted amendments resulted in more 
recalcitrant-C  sequestration and low er soil resp ira tion  (Pascual etal. 1999). This results in 
sustained n u tr ie n t cycling (O'Dell et al. 2007) and greater overall positive effects on a range 
o f soil characteristics as compared to high-C sources (Ros et al. 2003). Therefore, both long 
and short term  comparisons need to be made between com post and high-C mulches to 
determ ine the overall b iological response to these amendments and any subsequent effect 
on n u tr ie n t cycling and mine rehab ilita tion .
The changes in soil resp ira tion  over time, inc lud ing the increase in soil resp ira tion  w ith  
no-m ulch and decreases w ith  com post and wood mulch, could be related to m u ltip le  
interactions. Such in teractions could include: the stab ilisa tion  o f the com m unity  w ith  mulch 
application (Degens and Sparling 1996; Muneer and Oades 1989; Ros et al. 2003) and 
n u tr ie n t inputs (K irkby  and Fattore 2006); decom position rates (W illiam son and Johnson 
1991); changes in com m unity  com position (Degens 1998; W illiam son and Johnson 1991; 
Wong et al. 2008) includ ing fungal and m icrob io log ica l shifts (Anderson and Domsch 1993; 
Li et al. 2006), such as the fungi noted to be g row ing in the pots in th is experim ent; lim ited 
substrate (W illiam son and Johnson 1991) where the available nutrien ts, such as nitrate-N  
(Table 5-2), is being depleted over tim e; a norm al trend o f change w ith  mulch application 
(Johnson and W illiam son 1994); o r in troduced species (Cameron etal. 1997). Due to the 
m u ltip le  interactions, i t  is d iff icu lt to determ ine the exact dynamics o f resp ira tion  under 
each amendment.
5.5.2. Soil chemistry and rehabilitation treatments
Soil w ith  compost application showed the highest overall increases fo r all nu trien ts and
EC, apart from  TC, which was highest under wood mulch. The characteristics o f the mulches,
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with higher EC, Colwell-P, NÜ3', TN, TS and TP in compost and higher TC with wood mulch 
(Table 5-2), reflect these changes. In addition, C:N, C:P, C:S ratios were lowest for compost 
and no mulch, and highest for wood mulch. Moisture possibly played an important role in 
the initial reduction of pH across all mulches and reduced EC with wood mulch (Figure 5-2 
and 5-3). Improving the wet-dry cycles would improve microbiological decomposition and 
organic acid release, reducing pH (Amato etal. 1984), as well as leaching salts through the 
soil resulting in the lowered EC under all treatments over time.
Generally, fluctuations over time for all nutrients under all treatments may be due to 
one or more factors. These include: soil biological activity (Degens 1998; Johnson and 
Williamson 1994; Williamson and Johnson 1991), including metabolic stress associated 
with the high TC (Kirkby and Fattore 2006; O'Dell etal. 2007) in wood mulch; plant use and 
contribution (Bennett and Adams 1999; Cookson et al. 2008); seasonality; leaching or 
gaseous exchange (Cameron et al. 1997); or feedbacks working towards a natural nutrient 
ratio for the system (Himes 1998). The fluctuations in the nutrients found over the 72 weeks 
are also consistent with research by Cox and Whelan (2000), who discuss rapid changes and 
fluctuations in nutrients and plants in the short term following amendment application. The 
dissolution of gypsum is also likely to be causing fluctuations and decrease in TS, EC and C:S 
over time (Davidson and Quirk 1961; Greene and Ford 1985).
TN, TP, TC, C:N, C:P, NO3', BP and WP all had different trends over time depending on the 
mulch application. In the case of compost, TP, TC and TN decreased over time, whilst NO3' 
fluctuated over time, and C:N and C:P was fairly constant. With compost application, TP, TC 
and TN, were possibly declining towards a natural level for the soil (Himes 1998), with TC 
lost through respiration (Kirkby and Fattore 2006; Pascual et al. 1998). TN and TP are 
possibly being lost through several mechanisms, including the leaching of NO3 and WP 
(Cameron et al. 1997), or the loss of N through gas exchange (Cameron et al. 1997).
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In addition, the fluctuation in available and total C, N and P, under compost addition may 
also be due to changes in soil biological activity (Degens 1998; Johnson and Williamson 
1994; Williamson and Johnson 1991) and/or changes to the biological activity and 
composition of the applied compost (Degens 1998; Sabo and Ferrini 2006; Williamson and 
Johnson 1991; Wong et al. 2008) over time. The compost was known to be biologically 
active prior to its use, and may be contributing to the fluctuation in nutrients. For example, 
the change in NO3 over time under wood mulch is likely attributed to use by soil biology to 
counter the high C input. Whereas, the compost maintained NO3', apart from week 36 where 
it was possibly used by soil biology. Following this, the increase in the last sampling periods 
may be from decomposition and release of NOsfrom the compost.
These changes may also have contributed to the negative relationships between TN with 
TP, WP and BP. Plants are unlikely to be a contributor to the fluctuations and the declines in 
the nutrient pools with compost amendments, as there were few plant and Casuarina counts 
(average of 1 and 0.2 respectively) with compost amendments. NO3' measurements are also 
known to have high variation in mine soils (Ross and Cairns 1981), as reflected by the >50% 
CV in this experiment. Enhanced SSV may also have contributed to the fluctuations, 
particularlv at 24 weeks, and high CV for the measurements. This is discussed in further 
detail in the following sections.
Fluctuations in nutrients over time can be attributed to multiple factors. The decrease of 
TC and increase of TN under wood mulch may be a result of metabolic stress of community 
to the high C input. Metabolic stress, the loss of C through high respiration rates due to a 
community stressor, is known to occur with high C inputs (Kirkby and Fattore 2006; O'Dell 
et al. 2007). This may reflected in the higher respiration, as mineralisation of C, under wood 
mulch. Alternatively, there was adequate NO3- in the soils (Table 5-1) for the community to 
decompose the wood mulch. Thus over time there was a concomitant decrease in C 
resources and increase N through fixation. The exact cause of this shift in TC and TN under
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wood mulch would be controlled by the community structure (Degens 1998; Williamson 
and Johnson 1991; Wong et al. 2008) including fungal and microbiological shifts (Anderson 
and Domsch 1993; Li et al. 2006), and this requires further experimentation.
The C:N and C:P under wood mulch are possibly decreasing towards a more natural 
ratio for the soil (Himes 1998). A combination of mulches or fertiliser additions to improve 
C:N and C:P ratios (Kelly 2008; Singh et al. 2009; Smith et al. 1985; Voorhees 1986;
Voorhees and Uresk 1990) would balance the nutrients, reduce metabolic loss of C, and 
result in more efficient use of C, and C sequestration (Kirkby and Fattore 2006; O'Dell et al. 
2007) in these soils. With no mulch application, TN, TP, TC, C:P and C:N were noted to 
remain fairly constant over time. It is possible that the nutrients under no mulch are at a 
normal level for the soil system (Himes 1998). Input from plants (Bennett and Adams 1999), 
such as Themeda species (Cookson et al. 2008) and N-fixers (Casuarina species), as well as 
seasonality, may have increased NOrat 72 weeks. Plant use, seasonality and leaching 
possibly contributed to Fluctuations and decline in WP and BP under wood mulch and no 
mulch over time.
The presence of gypsum resulted in an increase in the bicarbonate-P pool and a 
reduction in the water-P pool. When comparing with non-gypsum treatments, the difference 
between the two pools was almost the same (+/- 0.6mg/kg), indicating that water-P is being 
transformed to bicarb-P with gypsum application. This relationship is explained by sorption 
of water-P with increased exchangable-Ca2+from gypsum application, as was found by 
Delgado et al (2002). In addition, TS, C:S and EC was highest under treatments that included 
gypsum, due to the increase in sulphate and Ca2+', likely a result of gypsum dissolution over 
time (Greene and Ford 1985).
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5.5.3. Revegetation with amendments
Wood mulch had the highest plant counts, and compost had the lowest. Although
compost improved a broader range of nutrients, the overall revegetation over the 72 week 
experiment was more successful using wood mulch. This is related to moisture retention 
and high C:N:P:S ratios found with wood mulch application. It is also noted, that although 
Chapter 4 predicted the soil to have physical limitations, surface sealing did not occur and 
was thus not a limitation to plants. The revegetation is discussed in relation to the 
treatments, nutrient ratios and available nutrients. The lack of literature regarding 
Australian native species and nutrient requirements is also discussed.
5.5.3.1. Nutrient ratios and revegetation
Nutrient ratios calculated from total nutrients can indicate if there are sufficient or
insufficient nutrients for the revegetation on a mine site. The C:S ratios for all mulches were 
above the 65 reported by Kirkby et al. (GRDC 2008; 2006). This may be because the soil was 
initially treated with gypsum when it was stockpiled, as reflected in the non-gypsum treated 
C:S ratio of 29.24.
The high C:N:P:S ratios under wood mulch are potentially positive for revegetation of 
the Cowal mine site. Previous research on revegetation of mine soils found high C input 
mulches, such as wood mulch, unfavourable in revegetation due its limited nutrient content 
(Cox and Wheland 2000; Kelly 2008; Smith et al. 1985; Voorhees 1986; Voorhees and Uresk 
1990). This current research, however, has found the opposite: the high C:P, C:S and C:N 
ratios with wood mulch had a positive relationship with total and Casuarina plant counts. 
The C:N ratios under wood mulch in this study reflect the optimal C:N of 15-25 for 
Australian forest soils (Attiwill and Leeper 1990a). Thus, the addition of a large amount of C 
to the soil with wood mulch increased the nutrient ratios (Kirkby and Fattore 2006; Kirkby 
et al. 2011), improving conditions for revegetation of the species used in this trial. In 
contrast, the decreased C:N, C:P and C:S ratios under compost were correlated with lower
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counts. As the C:N was lower with compost amendment than that reported for forests soils 
(Attiwill and Leeper 1990a), the additional N in compost applications may result in a C:N 
ratio that is too low for the species used in this research.
5.5.3.2. Available nutrients and revegetation
Although NO3-, BP and WP did not have a relationship to plant counts, it is possible that
they may have had an effect on revegetation that was masked by enhanced SSV. It was 
expected that available nutrients and plants would have a relationship. Australian native 
plants species have low recovery rates with high soil P (> 4mg/kg) and nitrate-N (>
5mg/kg) (Prober and Smith 2009)(P method not noted in Prober et al. 2009). The compost 
used in this trial is had high nitrate-N (87.3 mg/kg) and Colwell-P (173 mg/kg) (Table 5-3). 
In addition, the compost was biologically active, and there were high levels of available 
nutrients with compost amendment. Both of these are known to limit germination and 
growth of plants (Sabo and Ferrini 2006).
Furthermore, the species used in this trial, Themeda triandra and Austrostipa species, 
growth and germination is known to be limited by highly fertile soils (Langford et al. 2004; 
Leech and Keys 2003). Therefore, we can assume that the high NO3' (145.9mg/kg) and WP 
(40.5mg/kg) with compost application could potentially limit plant counts. There may be a 
similar issue with the lower plant counts under no mulch additions. Lower plant counts with 
no mulch may reflect an excess of nutrients from fertilisation in the pre-mine agriculture 
environment, as previously found by Prober et al. (2009). Further research should consider 
the use of biologically stable compost (Dorahy et al. 2008) in the revegetation of mine soils. 
This would determine if the biological stability of compost negatively affects Australian 
native plants.
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5.53.3. Limitations to assessing nutrient and revegetation relationships
There are several reasons why the likely plant-amendment interactions, as discussed
above, were not conclusive in this study. The lack of relationship between NC '^, BP and WP 
and plant counts may be due to high variance and poor accuracy of the methods. The high 
variance (CV > 50%) of the transformed NO3' data may be limiting statistical analysis and the 
identification of relationships between plants and NO3-. Furthermore, the application of NO3, 
BP and WP methods to enhanced SSV soils has not been thoroughly examined and may also 
be subject to inconsistent interferences (as discussed in Chapter 3 and 4). Finally, these 
methods may also not be an accurate measurement of available nutrients for the Australian 
native species used. This specific issue is discussed in greater detail in Section 5.5.4.
To the best of the author's knowledge, there have been few and no studies undertaken 
on the Australian native plants used in this experiment and associated nutrient 
requirements. There are no studies on C:N, C:P and C:S nutrient ratios required for optimal 
production of the Australian native plants used in this study (Themeda triandra, Austrostipa 
nodosa and Casuarina cristata), and no studies on C:P and C:S ratios in Australian native 
systems. The current literature on nutrient ratios is focused on crop species e.g. (Kirkby and 
Fattore 2006; Kirkby et al. 2011) or C:N ratios in native Australian systems e.g. (Attiwill and 
Leeper 1990a; Cookson et al. 2006). There is also no known literature on compost and 
associated plant responses of the species used in this trial. Therefore there is no available 
literature to use as comparisons for the nutrient ratios, composts and native plants used in 
this study. There is also limited literature on how soil nutrient ratios e.g. (Attiwill and 
Leeper 1990a) and soil nutrients e.g. (Prober and Smith 2009) affect native species. These 
issues require further investigation to improve knowledge on soil-plant drivers for 
Australian native plant revegetation, and if nutrient ratios are useful indicators for assessing 
mine site revegetation.
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5.5.3.4. Revegetation and moisture
In this study, it was found that moisture is an important factor in the revegetation of 
Cowal. Soil under wood mulch had the highest moisture, similar to findings on other mine 
sites that also used wood mulch e.g. (Grigg et al. 2006; Smith et al. 1985; Smits et al. 2010; 
Voorhees 1986; Voorhees and Uresk 1990). This increased moisture under wood mulch 
positively influenced plant counts, and thus revegetation. Other studies have also found 
moisture to be a critical factor in the success of revegetation of mine soils (Grant et al. 2002; 
Hattingh and Vilijoen 2006; Shrestha et al. 2009). Improved moisture for plant growth, in 
combination with usefulness of wood mulch for erosion control (Dorahy et al. 2008; Meyer 
et al. 1970; Smits et al. 2010) and its high nutrient ratios, makes it a potentially useful mulch 
in the rehabilitation of highly variable mine soils in semi-arid environments, when aiming to 
restore local endemic species, such as the ones used in this study.
The affect that high C wood mulch and compost has on nutrient cycling and plant growth 
in the longer term is unclear. The enhanced soil moisture, as a result of the wood mulch, is 
known to stimulate nutrient cycling (Shrestha et al. 2009). This is related to a combined 
positive feedback between plant growth and soil biology (De Deyn et al. 2004; jasper 2007) 
with regular wet-dry cycles enhancing decomposition and cycling (Amato et al. 1984; Dalai 
1998). High TC inputs, however, are also known to limit plant available nutrients in the 
longer term (Cox and Wheland 2000; Kelly 2008; Smith et al. 1985; Voorhees 1986; 
Voorhees and Uresk 1990). The plant counts declined under wood mulch over time, and 
increased for all the treatments apart from the compost and gypsum treatment. This may be 
due to seasonality, but is possibly also due to changes in nutrient availability, as shown in 
the decline of TN. Conversely, compost is known to have better and more sustained nutrient 
cycling over time (O'Dell et al. 2007; Pascual et al. 1999), and this may be positively 
influencing plant counts at 72 weeks (Figure 5-13). Although average plant counts were 
highest with wood mulch over the 72 week period, changes in nutrient ratios and available
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nutrients over time may result in less favourable conditions. Both positive feedbacks and 
changes in nutrients under different treatments have the potential to affect the longer term 
rehabilitation outcomes of the site, and this requires further research.
5.5.3.5. EC and revegetation
Although the EC did not directly affect plant counts in this experiment, soil with gypsum 
additions and the gypsum and compost treatment generally had lower plant counts. The 
high EC under the gypsum treatments (2.96dS/m) as well as with the highly saline compost 
(Table 5-3) may affect the revegetation of some species, including those used in this trial. 
Themeda triandra is known to have a reduction in biomass production in increasingly saline 
conditions (Rogers et al. 1996). Casuarina cristata is also known to be salt tolerant (NSW 
Department of Primary Industries 2008), although no particular salinity threshold has been 
recorded. The salt tolerance of Austrostipa species is unknown (Junee Shire Council ND). 
This indicates that EC may be influencing plant counts. The high variance in the data set 
possibly means that the effect was not detected. The use of gypsum, either alone or in 
combination with saline mulches (compost), should be critically examined for its affect on 
plants and the subsequent implications for revegetation.
5.5.4. Variation and method choices
The high CVs (>30%) for EC, MBC and NCW were independent of rehabilitation
treatments and time periods (temporal changes), as determined using blocking in the 
ANOVA. This indicates that enhanced SSV from mine soil management (Abdul-Kareem and 
McRae 1984; Grant et al. 2007; Hewgill 1986; Ussiri and Lai 2005) is causing high variance, 
or is creating inconsistent interferences that reduce precision and accuracy (Bendel et al. 
1989; Kolins et al. 1983; Sun et al. 2010). As we are unable to compare pre- and post- mine 
CVs (see Chapter 4)(Barker and Wild 1998), the author assumes that CVs >30% (Lande 
1977) in biological and chemical data are too high and that the methods may be imprecise. 
This assumes that precision is the variation from the mean. Alternatively, methods may be
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precise (CV < 30%). Accuracy is determined by the correlation with another variate that has 
a known relationship. Methods that are not accurate or precise for measuring mine soil 
characteristics can cause misleading results (Sun et al. 2010) and can affect the outcome of 
the results, interpretation and methods for rehabilitation. Thus, data sets and methods 
should be critically examined for precision and accuracy, and so reduce the potential for 
misleading results regarding the rehabilitation of the soils. It is noted that the assessment of 
these parameters is specific to this particular experimental design and the number of 
samples used in the analysis.
5.5.4.1. Variation and methods for soil biological characteristics
MBC had a high CV and a skewed data set, indicating poor precision and accuracy of the
measurement. Variance in MBC measurements may be caused by underlying SSV including 
different combinations of mulches and clay types in a variety of micro-site locations (Dalai 
1998; Machulla et al. 2005; Martens 1995), and the variation in C known to occur in mine 
soils (Mummey et al. 2002; Sencindiver and Ammons 2000; Thurman and Sencindiver 
1986). In addition, Johnson (1991) suggests an overestimation of MBC is likely in highly 
variable mine soils. Greater sampling numbers can reduce this error, with 123 samples 
needed for 10% error (Table 5-3). Increasing sampling size alone, however, may be fraught 
due to other potential interferences in the method.
The presence of soil respiration under the treatments compared to pots with zero MBC 
(see Appendix 3) suggests potentially poor precision and/or accuracy of the MBC method. 
Although respiration is detected, the MBC method (Vance et al. 1987) did not measure the 
presence of a community, and may be creating misleading results regarding soil 
microbiological response to amendments. The zero results may be from: variation of soil 
biology known to increase in mine soil stockpiles (Visser et al. 1984; Wick et al. 2009b); 
insufficient time to allow for community stabilisation (Degens and Sparling 1996; Muneer 
and Oades 1989) and inactive biomass to become active after respreading (Williamson and
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Johnson 1990a}; or the MBC being outside of the detection limits of the method used [i.e. too 
low}. The results could also be due to variation of clay content and mineralogy, as is known 
to affect MBC extraction rates (Dalai 1998; Martens 1995}. This variation is enhanced under 
SSV (Hewgill 1986; Miller and Cameron 1976}, which may result in false negatives, such as 
no MBC in the sample taken and MBC in a sample adjacent (Becker et al. 2006} or 
differences between the MBC between the fumigated and un-fumigated samples.
Any and all of these factors could have affected the CV (precision} and accuracy of the 
MBC measurement. Criteria three from Harris (2003} discusses the need for biological 
methods to provide outcomes that do not have interferences from underlying variation, 
including enhanced variation from mine soil management. The MBC method (Vance et al. 
1987} is not precise or accurate given underlying SSV, and does not meet all the 
requirements for being a suitable indicator in rehabilitation and restoration (Harris 2003}. 
Therefore, MBC is unlikely to be a reliable indicator in enhanced SSV mine soils for either 
microbiological recovery or for measuring differences in rehabilitation treatments.
Soil respiration is precise (CV<30%} for assessing the general differences between 
amendment applications, but it is not an accurate representation of soil biological recovery 
with rehabilitation activities. Soil respiration is measuring the whole of soil CO2 respired or 
all of soil biological activity at a point in time, and not the dynamics or composition of the 
biological community (Anderson and Domsch 1993; Wong et al. 2008}. In addition, 
respiration is influenced by many uncontrollable variables (Section 5.5.1}, and particularly 
by changes to community composition (Anderson and Domsch 1993; Degens 1998; 
Williamson and Johnson 1991; Wong et al. 2008). Therefore, respiration alone can not 
identify particular aspects of the biological community, and is only a measurement of its 
collective respiration. Thus soil respiration is useful in determining general differences 
between treatments, but not regarding underlying function of the soil ecosystem or its 
recovery as a result of the treatment.
149
Chapter Five
To determine how rehabilitation treatments are influencing soil biological recovery, 
multiple methods are required to be conducted. Harris (2003) suggests using a combination 
of approaches, including catabolic profile respiration. Some method choices, known to work 
on enhanced SSV soil are: enzyme activities (Izquierdoa et al. 2005; Paradelo et al. 2007); a 
combination of biomass methods, respiration and catabolic response profiling, and principal 
component analysis to assess soil biological response in rehabilitated minded sands 
(Graham and Haynes 2003); and kriging and PCR to look at community composition in 
micro-sites, followed by upscaling (Becker et al. 2006). Although this thesis attempted to 
use two approaches (soil respiration and MBC), one was found to be unreliable (MBC). Thus 
further research on these soils and other enhanced SSV soils should consider the use of 
multiple soil biological indicators.
5.5.4.2. Variation of soil chemical characteristics
The variation in EC measurements may be due to gypsum application. As TS and EC are
strongly correlated, this suggests that the variation in EC is most likely due to gypsum 
application. This relationship was also noted in Chapter 4, where EC and SO42 strongly 
correlated across stockpiles that had gypsum application. The variation in EC may be a 
result of unequal spreading and dissolution of gypsum (Greene and Ford 1985). Increasing 
the number of samples to 149 (Table 5-3) could reduce error to 10%. Increasing the sample 
size is possibly unnecessary, however, as we understand the underlying cause of variation. 
Though increased sample sizes or alternative statistics (see below) may be required in 
order to investigate if there is a relationship between EC and plant counts.
pH, EC and moisture methods are all unlikely to be affected by enhanced SSV. These 
measurements are known to have little interference from soil that effect accuracy and 
precision of the measurements (Brown 1993; Cresswell et al. 2008; McKenzie et al. 2008; 
Rhoades 1996; Thomas 1996). Although enhanced SSV mine soils have several clay types in 
a sample or differences in exchangeable cations between samples (Abdul-Kareem and
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McRae 1984; Hunter and Currie 1956; Miller and Cameron 1976), these are unlikely to 
affect pH, EC and moisture measurements, as these measurements are overarching, and 
reflect differences between samples (Brown 1993; Cresswell et al. 2008; McKenzie et al. 
2008; Thomas 1996). In the case of the variation in EC, the gypsum application increases 
variation between samples but does not affect the accuracy or precision of the 
measurement. Thus, we can assume that pH, EC and moisture are all likely to be both 
precise and accurate in measuring enhanced SSV mine soils.
Total C and N had low CVs, indicating high precision in the measurements. Although TC 
is known to be highly variable within mine soils as a result of enhanced SSV (Graham and 
Haynes 2003; Sencindiver and Ammons 2000; Thurman and Sencindiver 1986; Ussiri and 
Lai 2005), in this study, TC was shown to be less variable compared to other nutrients, with 
a CV of 4.1%. In addition, TN and TC, and TN and TP are correlated as expected for soil 
organic matter (Himes 1998; Kirkby et al. 2011), and the variation in the data may be 
associated with enhanced organic matter variation in the soils (Cookson et al. 2008; Dalai 
1998; Martens 1995). Dry combustion methods for TN and TC, combined with appropriate 
pre-treatment, are known to have high accuracy and precision when used to analyse mine 
and other soils (Kowalenko 2001; Ussiri and Lai 2005), and this was the method used in this 
research. Therefore, we can potentially assume that the dry combustion method is a precise 
and accurate measurement for these soils.
There is no information available regarding TP and TS method use on mine soils, but 
they are likely to be precise and accurate. Due to the low CV for TP and TS, we can assume 
that the methods are precise (Bendel et al. 1989; Kolins et al. 1983). Calibration methods 
used for Inductively Coupled Plasma (ICP), as used in this research, is known to affect the 
accuracy of the measurement (Engstrom et al. 2004; Soltanpour et al. 1996). In the case of 
enhanced SSV mine soils, there are potentially large differences in cations between samples 
(Chapter 4). This can affect the accuracy of ICP measurements depending on the method
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used to calibrate. For example, if the samples were matrix-matched using an average of the 
samples, then the TS and TP could be higher/lower than what is actually in the sample, 
rendering the measurement inaccurate. Nonetheless, the methods are likely to be accurate, 
as they correlated with other chemical characteristics. TN correlated with TP, as expected 
for organic matter in soils (Himes 1998; Kirkby et al. 2011), and EC correlated with TS, 
which was expected given the gypsum application. Therefore these measurements are likely 
to be accurate and precise, provided that the accuracy of the 1CP calibration is known.
High variation in the assessment of NO3- (CV 52.3%) is a known problem when assessing 
mine soils, and increased sample numbers may reduce the variance. High variance in NO3 - 
measurements is known to occur both with enhanced SSV (Ross and Cairns 1981) and the 
respreading of soil, which can transform NH4 + to pulses of NCV (Williamson and Johnson 
1990b; Williamson and Johnson 1994b). Both enhanced SSV and the respreading in this 
experiment could therefore be a contribution to the variation. Apart from this, NO3 - may also 
have varied with inputs from plants (Bennett and Adams 1999), such as Themeda species 
(Cookson et al. 2008) and N-fixers, such as the Casuarina species planted as part of 
rehabilitation activities. The precision of the measurement can be improved by using 172 
samples (Table 5-3), though the method does not necessarily accurately reflect the plant 
available NCh' in the mine soil or for the plants used in revegetation.
The variation in NO3 ' measurements may also be due to inconsistent interferences in the 
method. Cations are known to reduce the precision and accuracy of the NCb' method used in 
this experiment (Mulvaney 1996). The increased variation of exchangeable cations in the 
soil as a result of enhanced SSV (Miller and Cameron 1976) (see Chapter 4), in combination 
with gypsum, can potentially result in inconsistent interferences from polyvalent cations. 
This would reduce both accuracy and precision of the method. Furthermore, NCh- does not 
correlate with plant counts. Therefore, its accuracy as a measurement for Australian native 
plant available NO3 in enhanced SSV soils is unknown. Bennett and Adams (1999) and
152
Managing the Mixing
Cookson et al. (2008) discuss the use of alternative indices and methods, such as total N in 
combination with gaseous NO;r exchange, in highly variable soil environments. And these 
methods may be advised for enhanced SSV mine soils as an alternative to NO.r.
WP and BP are precise for describing differences between rehabilitation treatments, but 
the accuracy of the method in the assessment plant available-P is unclear. WP and BP have a 
CV < 30%, indicating that they are a precise measurement. In addition, WP and BP were 
related to TP, demonstrating that the measurements are most likely to be accurate, though 
TP, WP and BP did not relate to plant counts. Therefore, WP and BP may not be an accurate 
measurement of plant available-P for the Australian native species used in this experiment. 
Calibration of the methods to consider its representation of plant available-P is required. 
Furthermore, biomass or plant growth indicators may also be better measurement for 
correlating with available nutrients (Courtney and Harrington 2010), rather than the plant 
counts that are both used in this thesis and in monitoring revegetation on mine sites (Koch 
and Hobbs 2007; Tongway and Ludwig 2011). The issue of WP methods is further 
investigated in Chapter 7.
5 .5 .5 . Can we choose more appropriate statistical analyses?
Alternative statistical analysis should be considered where variance is high, increased
sample numbers are not viable, and there are no interferences in the analytical methods. 
The chapter used transformations to reduce heterogeneity of variances, which were 
potentially the result of high variation in the stockpiled soils. Transformation improves the 
homogeneity of data sets, which can then be analysed using ANOVA and correlation analysis 
(see Chapter 3). Increased sample numbers may also be useful to reduce variation (Table 5- 
3). These methods can be used where understanding variation in the data is not important, 
such as understanding if a particular mine rehabilitation strategy is working, such as this 
trial. It can not, be used when the degree of variation in a data set can not be homogenised, 
such as the skewed MBC data, or when the variation of the data is important in decision
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making. For example, a mine that has acid sulphate forming materials will need to 
understand the degree of variation for appropriate management (Aggelopoulos and 
Tsakiroglou 2008; Schneider et al. 2010). In cases where data cannot be homogenised or 
where variation is important for rehabilitation, non-parametric methods can be applied.
Non-parametric methods have been successfully used to analyse mine soils. Multivariate 
statistics, including principal component analysis (PCA), have been successfully used on 
mine site soils to measure and deal with heterogeneity (Candeias et al. 2011; Kelepertsis et 
al. 2006). It can be used to determine interactions between variates, but also clusters data 
based on similarities, demonstrating the degree of variation in a data set. Geostatistics are a 
common approach to deal with landscape scale heterogeneity (Webster 2008) including at 
mine sites (Dollhopf 2000), and to reduce sample numbers for assessing NO3'
(Sharmasarkar et al. 1999). When applied to soils, these methods successfully show 
variation across distances, as well as aid in the characterisation of materials. Geostatistics, 
however, rely on a specific geographical location (Becker et al. 2006; Mummey et al. 2002), 
which is often missing from glasshouse studies involving small-scale process and soil 
function analysis, such as this research. This method also needs to be undertaken as part of 
survey of rehabilitation sites, due to the requirements of geo-locating samples. Webster 
(2008) also points out the need for normalised data when using kriging and geostatistics, 
which may not always be possible where data is skewed.
Regardless of the statistical model chosen, all models should be checked for uncertainty 
and sensitivity (Minasy and Bishop 2008), and so as to provide the user with an 
understanding of the reliability of the outcome. Choice of statistical method to include SSV 
should be undertaken as part of the initial pre-mine survey or analysis of mine materials 
(Chapters 3 and 4), and this can be used to help inform the experimental design, and 
sampling for rehabilitation trials. For example, PCA and multivariate analysis could both be 
used as an alternative design to the parametric design undertaken in this study.
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5.6. Conclusion
Compost application was found to cause the greatest increase in soil TN, TP, TS, WP, BP 
and NO3- but to also have the lowest plant counts. Wood mulch, however, was found to 
improve moisture retention, increase respiration and C:N, C:P and C:S. Moisture and 
nutrient ratios were determined as being critical factors for revegetation of enhanced SSV 
soil at Barrick (Cowal) Gold Mine, with low nutrient ratios (as under compost) related to 
lower plant counts. The poor plant counts with compost may be due to biological activity in 
the compost and high available nutrients limiting germination and growth. It may also be 
related to high EC with gypsum application, although this requires further research. To 
conclusively identify the affect of mulch application and revegetation, further research into 
compost, available nutrients, nutrient ratios and Australian native plant species is required.
Enhanced SSV is known to affect soil chemical and biological methods, and to influence 
the outcome and interpretation of the data for mine rehabilitation success and management. 
Variation in MBC and NCb'data may be a result of the enhanced variation from mine soil 
management (Chapter 3). MBC was found to be an unreliable indicator, given the 
constraints of this analysis. Variation in EC, however, was most likely related to uneven 
gypsum application and dissolution. Moisture. pH, EC, total C, N, P and S measurements 
were all determined as being precise and accurate. They can be used to analyse enhanced 
SSV mine soils and rehabilitation treatments, using parametric statistics similar to those 
used in this design. NO3- requires calibration for mine soils. WP and BP need to be examined 
for their reliability as an indicator for Australian native plant available-P. Respiration can be 
used to compare rehabilitation treatments, but should be used in conjunction with other 
methods to assess soil biological recovery. The calibration of these methods can assist mine 
rehabilitation managers to determine biological recovery of their soils, nutrient and plant 
dynamics with rehabilitation.
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6. Precision of the Berthelot-salicylate ammonium-N method for 
use in gypsum-omended sodic heterogeneous mine soils
"...it must be remembered, that all plant growth demands an adequate supply o f nutrients and 
even the most tolerant of species w ill not grow without them." A. D. Bradshaw, 1983
Processing plant at Barrick (Cowal) Gold Mine (Photo: Jess Drake)
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6.1. Chapter Summary
This chapter considers developing an approach fo r measuring ammonium nitrogen in 
highly variable mine soils. It follows on from Chapter 4, where plant available nitrogen 
methods fo r assessing mine soils were determined to require more development. The literature, 
in Chapter 3, revealed that available nitrogen methods have very high variation in mine soils, 
and require development of more appropriate methods. This chapter uses soil from Barrick 
(Cowal) Gold Mine. These stockpiles are known to have been constructed using multiple 
materials, and are assumed to have enhanced SSK The soil is sampled in a way to reflect the 
heterogeneity o f the soil. It determines that current standard methods require calibration and 
research fo r more precise and accurate measurement o f mine soils.
6.2. Introduction
Berthe lo t methods are used to assess am m onium -N  concentrations across a range of 
soils. This includes 932 m illion  hectares o f sodic or salt affected soils w o rld -w id e  e.g.
(Bower and Holm-Hansen 1980; Laima 1992; Sumner et al. 1998) and h igh ly heterogeneous 
m ine site soils e.g. (Ross and Cairns 1981). There have been lim ited  studies, however, on the 
precision and accuracy o f the Berthe lo t method when applied to sodic or m ine soils (Bower 
and Holm-Hansen 1980; Laima 1992; Ross and Cairns 1981). C urrently  available research 
on the app licab ility  o f these methods on these soils suggest tha t outcomes may be 
inaccurate, leading to incorrect conclusions regarding fe r t il ity  management (Curtin and 
Naidu 1998; Ham et al. 1995; Naidu and Rengasamy 1995). D eterm in ing the accuracy and 
precision o f the Berthe lo t method is im po rtan t fo r assessing fe r t il ity  constra ints in 
revegetation o f m ine soils (W illiam son and Johnson 1990b). Understanding precision and 
accuracy o f th is method can lead to im proved management practices, such as fe rtilise r 
treatm ents fo r sodic mine soils undergoing rehab ilita tion  (H arris  2009; Harris and 
Rengasamy 2004; Smits et al. 2010).
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Colorimetric methods based on the Berthelot-reaction (1859) are widely used for 
ammonium-N detection in soil and water samples (Mulvaney 1996). The methods are 
commonly used in flow injection auto-analysis (Alves et al. 1993; Sims et al. 1995) and in 
spectrophotometer analyses (Laima 1992) in commercial laboratories worldwide 
(Mulvaney 1996). One interference in variations of the Berthelot-reaction is the 
precipitation of di- and tri-valent cation hydroxides in basic-pH solutions (Helder and De 
Vries 1979; Mulvaney 1996; Nelson 1983; Searle 1984). This can lead to inaccurate 
measurements of ammonium-N in soils with high di- and tri-valent cation concentrations. 
Enhanced small-scale variation (SSV) in mine soils can also contribute to inaccuracies in 
measuring ammonium-N (Ross and Cairns 1981). The variation between samples is greater 
in enhanced SSV soils (Dollhopf 2000), and, as such, each sample has different 
concentrations of cations and clays (Miller and Cameron 1976), causing differences in the 
sorption and desorption of ammonium-N during extraction as well as different amounts of 
cations in each extract (Mulvaney 1996). This can cause inconsistent interferences, leading 
to decreased precision in measurements of ammonium-N.
Gypsum is a common treatment for sodic soils (Oster and jayawardane 1998) and its 
application has been advocated as an ameliorant for mine-site rehabilitation when using 
enhanced SSV sodic mine soils and materials (Harris 2009; Harris and Rengasamy 2004; 
Smits et al. 2010). Gypsum (CaSÜ4.2H20) has a solubility of 2.5-2.9g/L H2O at 25°C. Although 
gypsum solubility is largely controlled by temperature (Cameron and Seidell 1901; Visconti 
et al. 2010), it is also affected by pH (Foner and Ehrlich 1983; Shukla et al. 2008). Standard 
Berthelot reactions, such as the salicylate method described by Nelson (1983), increase the 
solution pH to between 12 and 13 (at 26°C). At this pH range the solubility of gypsum can 
decrease (Foner and Ehrlich 1983) and there is potential for precipitation. Furthermore, the 
increase in solution Ca2+ from gypsum may increase the chance of hydroxide precipitating. 
The presence of a precipitate, as either a hydroxide or gypsum, has the potential to interfere
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in spectral analysis by increasing the absorbance, resulting in overestimation of ammonium- 
N concentrations. This interference can be decreased using chelating reagents.
Chelating reagents such as disodium ethylenediaminetetraacetic acid (Na2 EDTA) added 
to a filtered extract before the addition of the colour reagent decreases chemical 
interferences (Mulvaney 1996; Nelson 1983). Chelating reagents are used in preference to 
distillation or dialysis (Wills etal. 1993) particularly in automated methods, such as flow- 
injection auto analysis. Nelson (1983) found that a ratio of 0.16mL of 6% (w/v) Na2 EDTA to 
4mL KC1 soil extract effectively complexed 8 mg Ca2+ in the sample. Nelson also suggested 
doubling the volume of Na2 EDTA when precipitation still occurs. Unfortunately, increased 
volumes of Na2 EDTA have been found to decrease the absorbance values of ammonium-N 
standards by preventing monochloromine formation for colour development (Nelson 1983; 
Rhine et al. 1998).
This paper examines the accuracy and precision of Berthelot-reaction methods in the 
colorimetric analysis of ammonium-N in KC1 and steam distilled soil extracts from two 
different enhanced SSV sodic mine soils treated with different rates of gypsum additions. 
The effects of a range of Na2 EDTA rates are also investigated. The paper focuses on 
determining if gypsum causes a precipitate in the solution and if this precipitate causes 
interference in results. It then discusses the use of Na2 EDTA to reduce the interference, and 
if any of these methods can both precisely and accurately measure the soil. Alternative 
methods and the implications of gypsum interference for in situ soils are also discussed.
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6.3. Materials and methods 
6.3.1. Soil description
The stockpiled mine soils used in this experiment are sodic, with exchangeable sodium 
percentage (ESP) > 6% and electrical conductivity (ECe) < 4dS/m (Murphy 2002). They 
would normally require gypsum amendments to maintain or improve their structure. The 
two stockpiled mine soils are from Barrick (Cowal) Gold Mine, located at Lake Cowal 
(Latitude -33.63978 and Longitude 147.40631) in New South Wales, Australia. Both soils 
were randomly selected from stockpiles at the site and analysis by Drake (2009) found them 
to be: soil A is a combination of the A and B horizons of the Lake Cowal, Wah Way and 
Marsden soil formations, and about 10% saline oxide waste (Barker and Wild 1998); and 
soil B, a combination of A and B horizons of Wah Way and Marsden formations (King 1998). 
Prior to mining, the soils were described as being Grey Sodosols (Lake Cowal), Red 
Chromosols (Wah Way), Brown and Red Vertosols and Kandosols (Marsden) (Barker and 
Wild 1998; Isbell 1996). The mine soil used have undergone stripping, stockpiling, mixing 
and are assumed to have enhanced SSV (Sencindiver and Ammons 2000).
Standard agronomic chemical analysis of the soils was undertaken by the Incitec Pivot 
Nutrient Advantage Laboratory, Australia (Table 6-1). 500g of soil was air-dried, crushed 
and sieved to 2mm prior to analysis. Soil was not hand mixed to emulate heterogeneity. The 
methods used were from Rayment and Higginson (Rayment and Higginson 1992): pH 7.0 
Ammonium Acetate extracted exchangeable cations (15D3) and S0 4 2' calculated from 
sulphur concentration (3:20 soil to 0.25M KCl) (ASPAC KC1 40), and both determined using 
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES); pH undertaken using 
1:5 soil to solution using 0.01M CaCbsolution (4B2) and Electrical Conductivity (EC) using 
1:5 soil to water (3A1); Chloride undertaken using 1:5 soil to solution and automated colour 
(5A2); and Organic Carbon (OC, Walkley-Black) undertaken on UV-V1S (6A1). The low OC in
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these soils (Table 6-1], means that organic interferences are not anticipated. The high CEC 
and cation concentrations found in both soils, however, may lead to precipitation in 
solution.
Table 6-1: Averages of the chemical characteristics of the two soils, A (n=24) and B (n=6). Coefficient 
of variation (CV%) is in brackets.
Soils
pH (1:5 ECsat Ex. Na* Ex. Ca2+
CaCI2) (dS/m) (cm o lc/kg) (cm o lc/kg)
A 7.6 -9 .1 3 . 1 ( 7 4 ) 2 . 1 ( 5 7 ) 12.2  (39)
B 7 .4 -9 .1 2 .6  (69) 2.9  (66) 9 .3  (29)
Ex. M g2+ Ex. K* CEC
OC%
SO«2' Chloride
(cm o lc/kg) (cm o lc/kg) (cm olc/kg) (mg/kg) (mg/kg)
6.4  (33) 0 .8  (25) 21 .3  (36)
0 .7 0
(43)
4 3 .0  (102)
36 4 .7
(90)
7.1  (66) 0 .6  (17) 19.9  (30)
0 .5 0
(40)
29 .9  (117)
155.7
(108)
The natural gypsum content of the soils is assumed to be equivalent to the concentration 
of SO^2', which is approximately 77.5 mg/kg for Soil A and 53.7 mg/kg for Soil B. These 
concentrations are low (<1 g/kg] and are lower than amounts used in this experiment (see 
below], Gyprock was used as an ameliorant and was assumed to be 88% pure gypsum (as 
per manufacturer certificate], and containing 511.6 cmol/kg. The impurities in Gyprock 
included clays and paper products. Gyprock is commonly used for large scale applications 
(Smits et al. 2010].
For experimentation (as described below], the stockpile samples were added 
concurrently to a container. The soil was not mixed, and remained in a heterogeneous state 
to emulate the heterogeneity of the soil. Samples were then randomly taken from this 
container for analysis.
6.3.2. Experimental design
A commonly-used variation (Mulvaney 1996) of the Berthelot reaction (Nelson 1983) 
was selected to determine if gypsum caused precipitation in solution. The two soils (Table 
6-1) formed part of a 2x4x5 factorial experiment. The three factors were: soil (A or B); 
gypsum amendments of 0,1, 5 or 10t/ha (of Gyprock, in addition to naturally occurring 
gypsum); and method variation as quantity and/or concentration of Na2 EDTA (standard
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quantity of 0.16mL 6% Na2EDTA, 0.32mL 6% Na2EDTA, 0.48mL 6% Na2EDTA, 0.16mL 12% 
Na2EDTA, 0.32mL 12% Na2EDTA). The modified quantity of Na2EDTA was chosen with the 
consideration of: a) the heterogeneity of samples (e.g. more or less cations/gypsum) from 
stripping and stockpiling (Abdul-Kareem and McRae 1984); b) the potential effect of 
concentration or volume on colour development; and c) the potential for a standard volume 
to be used as a standard method. Salt-affected soils were chosen in preference of solutions 
with differing cation concentrations, because previous work on the Berthelot-reaction has 
been undertaken on soils (Kempers and Kok 1989; Kempers and Zweers 1986; Nelson 
1983).
6.3.3. Sample preparation and extraction
A weighed amount (50g) of air-dried, 2mm sieved soils were applied with 0, 0.1, 0.5 or
lg  of Gyprock, equivalent to the field applications (0,1, 5, 10T /ha). Gyprock was used as the 
gypsum source for this experiment, as it is commonly used for large scale applications 
(Smits et al. 2010). Gyprock application quantities were calculated using the air-dry 
stockpiled soil bulk density of 1.25 g/cm2 calculated from experiments in Chapter 5 (1.5kg, 
176.71cm2, 6.8cm deep), in combination with each rate of Gyprock (as above) at the 
predicted 4cm depth when soil is respread over the landscape for rehabilitation (Barker and 
Wild 1998). Gyprock is here on described as gypsum. The soil-gypsum mixtures were kept 
dry to reflect immediate field-application conditions, as complete dissolution of gypsum will 
take time in arid and semi-arid conditions, and were not over mixed as to maintain the 
natural heterogeneity within the soils. Five replicates of each soil-gypsum mix were 
measured into falcon tubes: 5g soil was used to form a ratio of 1:10 with the addition of 
50mL 2M KC1 for ammonium-N extraction. After the KC1 was added, the samples were 
shaken at room temperature (~24°C) for one hour. Extracts where then filtered using 
Whatman No.42 paper and left at room temperature overnight for analysis the following 
day. These samples will now be referred to as non-steam distilled samples.
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6.3.4. Steam distillation of extracts
To determine possible interferences caused by gypsum, and the precision and accuracy 
of different Na2EDTA methods, steam distillation (Bremner and Keeney 1965; Mulvaney 
1996) was undertaken on five non-steam distilled samples of each soil without gypsum 
additions, in order to remove all interferences prior to extract analysis. As steam distillation 
is known to remove all interferences associated with cations and hydroxide formation 
(Mulvaney 1996), the addition of gypsum was not seen as being required for this part of the 
experiment and so the KC1 samples could be directly compared with those that underwent 
steam distillation. The steam distillation procedure followed was that of Mulvaney (1996). 
After steam distillation, the samples were analysed using the procedure below. The steam 
distilled samples are assumed to have all interferences removed, and analysis via the 
standard Nelson method (1983) should therefore be accurate. These samples will be 
referred to as steam distilled samples.
6.3.5. Sample analysis
Analysis of non-steam distilled and steam distilled samples was undertaken using the 
reagents and method listed in Nelson (1983), with modification to the quantity or 
concentration of NazEDTA (as per above factors) undertaken on each of the five replicates. 
The samples were laid out in two trays (one for each soil type), randomised by row and 
column. The colour reagent consisted of 7.813g sodium salicylate and 125mg of sodium 
nitroprusside (hydrous) in lOOmL of deionised water. The buffer included 2.96g NaOH at 
85°C in 60mL deionised water with 0.037M of anhydrous-Na2HPC>4 mixed with lOmL of 
bleach, that was then adjusted to pH 13 with NaOH and diluted to lOOmL with deionised 
water. The 6% Na2EDTA solution was made by dissolving 3g Na2EDTA in 40mL water and 
diluting to 50mL. The 12% Na2 EDTA solution was made by dissolving 6g Na2EDTA in 40mL 
at 85°C, and then diluting to 50mL.
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Samples were analysed using 4mL of extract combined with 0.64mL colour reagent, 
0.32mL buffer and the appropriate amount of Na2 EDTA (as above). Calculation of 
ammonium-N concentration considered differences in dilution with varying rates of 
Na2 EDTA, along with the ratio of soil to KC1. Samples were shaken after the reagents were 
added, and allowed to rest at room temperature (~24°C) for 30 minutes prior to analysis.
All samples were then read on a Cary-50 Spectrophotometer at 667nm, and compared with 
a set of matching ammonium-N standards. Five standard curves were made for both 
distilled (DI) and non-distilled (KC1) samples, with each of the five curves having the 
different concentration of Na2 EDTA. The remainder of the reagents, as listed above, 
remained the same. The absorbance (%) of the standard curves for each quantity of 
Na2 EDTA, and ammonium-N concentration (mg/kg) were calculated. Blanks were also made 
for each of the EDTA rates, and the results were subtracted from the final soil results.
6.3.6. Precipitation
Visual assessment of the presence of precipitation was recorded for all samples 
immediately prior to spectrophotometer analysis. All samples were determined as being 
one of three classes: Class 1) no precipitation present in cuvette; Class 2) precipitation 
settled at bottom of cuvette, with spectrophotometer light source unlikely to pass through 
precipitation; or Class 3) precipitation throughout cuvette, with spectrophotometer light 
source likely to pass through precipitation.
6.3.7. Statistical analysis
Data was analysed using GenStat 12.0 statistical programs. To determine the outcome of 
method and gypsum presence on ammonium-N concentrations in non-steam distilled 
samples, a general analysis of variance (ANOVA) were carried out on each variate using a 
multistratum analysis with, gypsum and Na2 EDTA rates as factors, randomised positions for 
analysis as blocks, and soil types as sub-plots. Data was log transformed to accommodate
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heterogeneity of variances, using the residual plots from ANOVAs. The back transformed- 
data is presented. Power analysis was undertaken prior to analysis. This determined that 5 
samples are sufficient for ANOVA with a 5% significance level, 80% power, size of difference 
set at 2, and variance set at 1. Where variance ratios were significant, least significant 
differences (LSDs] at P<0.05 were calculated. These were checked against the appropriate 
orthogonal contrasts. ANOVAs are commonly used in experimental design and analysis for 
soil research [Webster 2007].
The precision of the methods (rate of NazEDTA) was determined using the coefficient of 
variation (CV%) on transformed data, where CV > 50% is considered high (Bolland and 
Allen 1998] and <30% is not high (Lande 1977]. CVs are often used to describe precision of 
methods (Bendel et al. 1989; Kolins et al. 1983], and it will be used to estimate precision of 
methods in this paper.
Correlations (r] were undertaken between log transformed data to understand 
accuracy, and included: a] Non-steam distilled samples (all rates of Na2 EDTA] and steam 
distilled samples analysed using the standard method (0.16mL 6%], and b] the non-steam 
distilled samples analysed with all rates of NazEDTA (0.16mL 6%, 0.32mL 6%, 0.48mL 6%, 
0.16mL 12%, 0.32mL 12%] and the matching Na2 EDTA steam distilled samples. A minimum 
of 4 samples is needed to undertake a correlation with the same parameters as the ANOVA. 
T-tests on transformed data were also undertaken between the standard method and all 
other rates of Na2 EDTA for the steam distilled samples.
Post-hoc power analysis was undertaken to determine the number of samples needed to 
reduce error in analysis. Average and standard deviation was determined by grouping data 
from both soil types and gypsum rates by the appropriate rate of Na2 EDTA. This was to 
determine a minimum number of replicates, given a range of error, for all rates of Na2 EDTA 
and steam distillation. The equation from Dollhopf (2000] was used (Equation 6.1] for the
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post-hoc analysis, and it has been derived to consider a 95% confidence limit (Snedecor and 
Cochran 1980).
tt = - p — (Equation 6.1)
Where n is the number of samples required, SD is the standard deviation of the data set 
and L is the accepted error as a percentage of the mean of the data set. The equation 
assumes a normal distribution, and transformed data was used.
6.4. Results
6.4.1. Precipitation in non-steam distilled samples
Precipitation due to gypsum was significantly (P<0.05) correlated with soil type,
gypsum and EDTA rate, and method and gypsum. Precipitation counts were significantly 
higher in Soil A (45) than in Soil B (21). Precipitation with gypsum presence was higher for 
10t/ha than 0, 1 and 5t/ha (LSD = 0.12%), where there were 34 of 50 samples with 
precipitation as compared to 5, 13 and 14 of 50 samples with precipitation for the other 
gypsum rates, respectively. Precipitation was significant in the standard method (0.16 mL 
6% Na2 EDTA) when compared to all other rates of EDTA (Figure 6-1) (LSD = 0.06%) with a 
total count of 30 out of 40 samples with precipitate present, including 10 samples that had 
no gypsum amendment. This was followed by 0.32mL 6% Na2 EDTA with 18 counts and 
0.16mL 12% Na2 EDTA with 11 counts. The significant interaction between gypsum 
presence and EDTA rate had LSD of 0.26%. This interaction was largely due to the standard 
method (0.16mL 6% Na2EDTA), 0.32mL 6% Na2EDTA and 0.16mL 12% Na2EDTA having 
precipitation present in all samples (10 out of 10) for 10t/ha gypsum with fewer counts of 
precipitation for all other combinations of method and gypsum (Figure 6-1). There was no 
precipitation in any of the steam distilled extracts.
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■ Precipitation Class 3 
■Precipitation Class 2 
□ Precipitation Class 1
Ammomum-N extracts as ordered by Gypsum(t ha) andNa;EDTA method
Figure 6-1: Count of total samples (n=10) that are in each of the three precipitation classes (1 = 
none, 2 = settling precipitation or 3 = full precipitation) for each method (rate of Na2EDTA) and gypsum 
application rate (0,1, 5 , 10t/ha).
6.4.2. Ammonium-N concentrations in non-steam distilled samples
The measured concentration of ammonium-N (mg/kg) was strongly correlated (P<0.05)
with gypsum, method, soil, and all combination of interactions (Table 6-2). Soil B had a 
greater overall average concentration of ammonium-N with 15.0 mg/kg compared to Soil A 
with 14.5 mg/kg (LSD = 0.8%). When considering the interaction of soil type, method and 
gypsum (Table 6-2), the 0.48mL 6% Na2 EDTA had the highest average concentration for 
both soils with l t /h a  gypsum (40.2 mg/kg for A and 68.0 mg/kg for B) and 0.32mL 12% 
Na2 EDTA with 10t/ha gypsum in soil A (46.3 mg/kg). When investigating the standard 
method alone, the samples with 5 and 10t/ha gypsum had significantly greater average 
concentrations of ammonium-N when compared to those of 0 and l t /h a  (Table 6-2). 0.32mL
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12% Na2 EDTA had a large amount of samples with undetectable concentrations, where the 
absorbance of these samples was lower than the 0 standard.
CVs varied across soil types, gypsum and Na2 EDTA rates (Table 6-2). Only four CVs for 
soil B were > 30%. The average CV for soil B was lowest for 0.16mL 12% Na2 EDTA (10%), 
followed by 0.32mL 6% (19%) and 0.48mL 6% Na2 EDTA (22%). There were eight CVs over 
30% in soil A. The lowest average CV for soil A was was 23% for 0.48mL 6% Na2 EDTA.
Table 6-2: Average (n=5) ammonium-N (mg/kg) for each non-steam distilled and steam distilled 
sample, by soil (A and B), gypsum treatments (0,1, 5 ,1 0  t/ha) and NazEDTA addition. Coefficient of 
variation (CV%) is in brackets, with those over 30% in bold. ND is not detected, where samples were  
lower than the 0 standard used in the calibration curve. *Denotes being significantly different to the 
standard (0.16mL 6% Na2 EDTA) method using a T-test on transformed data. ** denotes a type 1 or II 
error
Soil
G y psum
( t/h a )
0 .16m L
6%
N a2EDTA
NH4-N
(m g/kg )
0 .3 2 m L  6% 
N a2EDTA 
NH„-N 
(m g /kg )
0 .48m L
6%
N a2EDTA
NH„-N
(m g/kg )
0 .16m L
12%
N a2EDTA
NH„-N
(m g /k g )
0 .32m L  12%  
N a2EDTA
n h 4- n
(m g /kg )
A 0 ND ND 7 .2 (1 2 ) 4 .4  (11) ND
JD 1 2 .3  ( 1 0 8 ) 9 .3 (8 ) 4 0 .2  (4) 3 .0 (1 ) 3 .2 (4 1 )
Q_
E 5 1 0 .0 (2 0 ) 5 .3  ( 3 7 ) 19 .8  ( 7 5 ) 6 .5  (12) ND
CO 10 2 4 .0 (6 ) 1 9 .6  (5) 21 .5  (8) 1 7 .1 (2 ) 4 6 .3  (14)
A v e rag e 12 .1  (58) 12 .5  ( 6 0 ) 22 .2  (23) 7 .8  ( 3 9 ) 22 .7  ( 9 5 )
V, B 0 3.9  ( 3 2 ) 9 .0  (12) 11 .7  (14) 10 .2  (5) ND
Ero
a>
1 3 .7  (16) 10 .8  (6) 6 8 .0  (1) 11 .4  (7) ND
5 7.9  (9) 8 .8  (25) 10 .5  (6) 10 .3  (2) ND
§ 10 18 .9  (6) 8 .6  ( 3 1 ) 27 .3  (2) 13 .1  (13) 26 .3  (12)
z A v erag e 8 .6  (39) 9 .3  (19) 3 0 .8  (22) 12 .5  (10) 15 .6  (4 6 )
S te a m A 0 8 .3  (20) 5 .6  (139) 25 .5  (15)* 13 .3  (24)* 2 1 3 .0 (1 7 )*
D istilled
S a m p le s B 0 10 .7  (11) 11 .1  (11) 2 8 .4  (5)* 20 .2  (7)** 10 9 .2  (21)*
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6.4.3. Ammonium-N concentrations of steam distilled samples
The average concentration of the steam distilled samples was significantly (P<0.05)
correlated with the rate of EDTA (Table 6-2). The 0.32mL 12% NazEDTA quantity had a 
significantly high average (both soils combined) of 161.12 mg/kg compared to 9.52 mg/kg 
for the standard method. Using t-tests on transformed data, only 0.32mL 6% Na2 EDTA had 
the same ammonium-N concentrations as the standard rate of Na2 EDTA (16mL 6%) for both 
soils. There were significantly (P<0.05) higher concentrations of ammonium-N for all other 
rates of Na2 EDTA when compared to the standard method (16mL 6% Na2 EDTA). The CV 
ranged for soil types and Na2 EDTA rate, with soil A having the highest CV with 0.32mL 6% 
Na2 EDTA. The remainder of the CVs were < 30%.
6.4.4. Accuracy of ammonium-N measurements
Correlations between steam distilled and non-steam distilled samples were
inconclusive. The difference in CVs produced suspected Type 1 and 11 errors (Table 6-3), 
even with log transformation. Other non-parametric methods were then used, including: the 
Mann-Whitney U Test, the Sign Test, Kendall tau rank correlation coefficient and Spearman's 
Correlation Coefficient. Each of these also resulted in Type I and 11 errors. Due to this, 
further correlation between KC1 and steam distilled samples will not be considered, and the 
reasons for this will be critically discussed below.
However, if we compare the overall CVs between the average of non-steam distilled 
samples and the steam distilled samples (Table 6-2), however, we find that the non-steam 
distilled samples all have greater CVs. This is apart from soil A treated with 0.32mL 6% 
Na2 EDTA which has a CV of 60% for non-steam distilled samples compared to 139% for the 
steam distilled samples. If we look at the treatments individually, we find that neither CVs 
nor averages are similar.
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Table 6-3: Correlations (r) between log transform ed data of: a) non-steam distilled samples (all rates of 
NazEDTA) and steam distilled samples analysed using the standard method (0.16m L 6% ), and b) the 
non-steam distilled samples analysed w ith all rates of NazEDTA (0.16m L 6% , 0.32m L 6% , 0.48m L 6% , 
0.16m L 12% , 0.32m L 12% ) and the matching Na2 EDTA steam distilled samples. Likely Type I or II errors  
are m arked w ith *.
Soil G yp su m 0 .1 6 m L  6% 0 .3 2 m L  6% 0 .4 8 m L  6% 0 .1 6 m L  12% 0 .3 2 m L  12%
Type ( t /h a ) N a2EDTA N a2EDTA N a2EDTA N a2EDTA N a2EDTA
A 0 ND ND 0 .0 5 0 3 0 .5 6 1 2 ND
A ) C o rre la t io n 1 0 .4 6 4 0 * -0 .3 6 3 9 * 0 .1 7 4 6 * 0 .7 7 8 7 * 0 .7 1 4 5 *
b e tw e e n  N on - 5 -0 .7 3 2 3 -0 .7 4 1 2 0 .1 5 3 9 * -0 .0 3 3 3 * ND
and S team  
D is t ille d  sa m p le s  
a n a ly s e d  w ith
10 -0 .2 1 5 5 -0 .6 7 0 2 * 0 .4 3 4 8 * 0 .6 0 7 4 -0 .2 1 3 8
B 0 0 .4 2 6 8 0 .5 3 0 4 0 .3 5 3 6 -0 .2 0 7 8 * ND
0 .1 6 m L  6% 1 0 .2 7 4 8 0 .4 1 71 0 .4 0 6 0 -0 .2 6 2 3 * ND
NazEDTA 5 0 .4 6 3 5 0 .2 3 9 2 * 0 .1 5 5 6 * 0 .2 7 4 4 ND
10 0 .6 4 4 8 * 0 .7 3 2 4 * -0 .8 9 2 6 * 0 .6 8 3 3 ND
A 0 ND ND 0 .2 5 6 1 0 .2 7 4 9 ND
B) C o rre la t io n 1 0 .4 6 4 0 * 0 .9 4 9 4 * 0 .2 0 6 2 * 0 .2 4 7 7 0 .3 2 8 0
b e tw e e n  N on - 5 -0 .7 3 2 3 -0 .9 0 9 5 -0 .3 2 9 9 * 0 .4 8 1 9 * ND
and  S team  
D is tille d  sam p le s  
a na lyse d  w ith
10 -0 .2 1 5 5 -0 .6 9 5 2 * 0 .4 3 7 3 * -0 .7 7 0 5 0 .7 4 6 1 *
B 0 0 .4 2 6 8 0 .5 7 0 8 0 .5 3 7 0 0 .0 1 6 3 * ND
m a tc h e d  ra te s  o f 1 0 .2 7 4 8 0 .0 0 2 5 * 0 .7 5 4 1 -0 .4 9 5 5 ND
N a 2EDTA 5 0 .4 6 3 5 -0 .1 1 8 8 * -0 .3 8 5 8 * 0 .5 6 5 8 ND
10 0 .6 4 4 8 * 0 .3 1 5 8 * 0 .2 1 2 1 * 0 .4 9 8 3 ND
6.4.5. Sample numbers
Post-hoc pow er analysis was used to determ ine ideal sample num bers given the w ide 
range o f varia tion  in th is experim ent (Table 6-2). The post hoc analysis (Table 6-4) shows 
tha t as many as 224 samples are needed, in the case o f 0.32mL 12% NazEDTA, to reduce 
e rro r to 10%. Across the experim ent, th is means tha t 224 samples are needed to guarantee 
no more than 10% e rro r per factor (2 soils, 4 rates o f gypsum, 5 rates o f NazEDTA), w ith  a 
to ta l o f 11,200 samples needed fo r no more than 10% e rro r across the experim ent. A 
sample num ber o f 5, as used in th is experim ent, was suffic ien t fo r at least 50% e rro r across 
rates o f NazEDTA in non-d is tilled  samples and up to 20% e rro r fo r 0.48mL 6% NazEDTA. 
For the steam d is tilled  samples, 5 samples were suffic ien t fo r 30% e rro r and up to 10% 
e rro r fo r 0.48mL 6% NazEDTA.
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Table 6-4: Sample numbers determined using post-hoc power analysis, and averages and standard 
deviation for all rates of Na2 EDTA (0.16mL 6%, 0.32mL 6%, 0.48mL 6%, 0.16mL 12%, 0.32mL 12%) and 
the matching NazEDTA steam distilled sam ples. All rates of gypsum and soil type w ere combined to 
determ ine the average (n=40 for non-steam distillation and n=10 for steam distilled) and standard 
deviation. The fields marked with * denote that the sam ple number of 5, used in this experim ent, was 
sufficient for that level of error.
E r r o r  (%)
0 . 1 6 m L  6% 0 . 3 2 m L  6 % 0 . 4 8 m L  6 % 0 . 1 6 m L  1 2 % 0 . 3 2 m L  1 2 %
N a 2ED TA N a 2E D T A N a 2ED T A N a 2ED TA N a 2ED TA
1 0 9 2 7 0 2 1 3 4 2 2 4
2 0 2 3 1 7 * 9 5 6
N o n - S t e a m  D i s t i l l e d 3 0 1 0 8 * ★ 2 5
4 0 6 * * * 1 4
5 0 * * * * ★
1 0 9 1 1 9 * 1 3 1 4
S t e a m  D i s t i l l a t i o n 2 0 * 3 0 * * *
3 0 * * * * *
6.5 . Discussion
6.5.1. Is there are presence of precipitate from gypsum addition?
Precipitation occurred in all extracts that had gypsum added and, including those
analysed using the standard method. Of all the treatment combinations, the precipitate was 
most common in the extracts with 10t/ha of gypsum, but there was also some precipitation 
in samples with no gypsum. The presence of a precipitate in non-amended samples is likely 
to arise from hydroxides forming from the natural salts found in the extracts (Mulvaney 
1996; Nelson 1983). The precipitate, as gypsum or hydroxide, is due to change in the pH 
(Foner and Ehrlich 1983) that comes with the reagent addition.
6.5.2. Does the precipitate interfere in the measurement?
The presence of gypsum interferes in the determination of ammonium-N using the
standard Nelson (1983) method. When comparing the average CVs of the non-steam 
distilled samples to those samples that were steam distilled, most of the CVs were higher in
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non-steam distilled samples. Pre-treatment, such as steam distillation, is known to reduce 
interferences in soils when analysed for ammonium-N (Mulvaney 1996; Rhine et al. 1998; 
Ros et al. 2010; Shand et al. 2008). This suggests that there were interferences associated 
with precipitates (gypsum) or other contaminants (naturally occurring) in the non-steam 
distilled samples that were removed with steam distillation. Therefore, interferences in non­
steam distilled samples are likely to be increased as a result of gypsum application. In the 
standard method, samples with 5 and 10t/ha gypsum had greater ammonium-N. Gypsum 
precipitation blocks the light path through the cuvette in the spectrophotometer, increases 
the absorbance reading, and so causes an overestimation of ammonium-N. This trend was 
not consistent for the other rates of Na2 EDTA.
6.5.3. Do different rates of Na2EDTA interfere in the measurement?
The CVs varied greatly by both the Na2 EDTA addition and the amount of gypsum 
applied, and also varied across the non-steam distilled and steam distilled extracts. This 
indicates no particular trend in method precision associated with gypsum or Na2 EDTA rates. 
Indeed, the lack of trend indicates several limitations to this study, and also in regards to 
ammonium-N method choice for gypsum amended SSV mine soils. Despite this lack of trend, 
the 0.32mL 12% Na2 EDTA method resulted in high errors (as CVs), high averages or 
undetectable results. This may be due to a number of factors, including the prevention of 
monochloromine formation (Nelson 1983; Rhine et al. 1998) in samples where ammonium- 
N was undetected. This rate of Na2 EDTA interferes in the determination of ammonium-N 
and should therefore be avoided on all soils.
In addition, 0.48mL 6% Na2 EDTA only had one CV over 30% and 0.16mL 12% 
Na2 EDTA had no CVs > 30% in non-steam distilled samples, which implies that the methods 
are precise (Lande 1977). Furthermore, when using 0.48mL 6% Na2 EDTA for non-steam 
distilled samples (Table 6-4), only 21 samples are needed for 10% error or 5 samples (as
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used in this experiment] for 20% error. 9 samples were also sufficient for 10% error when 
using steam distillation and 0.16mL 6% IS^EDTA, and all CVs <30% for this method. 
Therefore 0.16mL 6% NazEDTA in steam distilled samples could potentially be used to 
precisely analyse for ammonium-N, whilst requiring few replicates.
6.5.4. Limitations to accuracy and precision of the method
The variation in results suggests that there is a large amount of natural variation
between samples, in addition to gypsum precipitation. The presence of the precipitate in 
both gypsum amended and non-amended samples indicates interference from naturally 
occurring cations, in addition to that caused by gypsum application. Application of Berthelot 
methods to sea water (Bower and Holm-Hansen 1980; Helder and De Vries 1979) and salt- 
affected sediments (Laima 1992) also resulted in interferences from cations, and the 
consequent overestimation of ammonium-N. Similar results were found for the 5 and 
10t/ha gypsum applications using the standard Nelson method (1983).
Underestimation may also be caused by the presence of organic nitrogen compounds 
(Khan and Flower 1999; Ngo etol. 1982; Searle 1984) and changes in monochlorimine 
formation (Nelson 1983; Rhine et al. 1998) in each sample. The effect of amino-acids on 
ammonium-N determination may be particularly important in disturbed soils (Khan and 
Flower 1999), such as mine soils where there are significant changes and variations in soil 
fauna (Visser et al. 1984; Wick et al. 2009b; Williamson and Johnson 1990a) and nitrogen 
forms (Ross and Cairns 1981; Williamson and Johnson 1990b). Helder (1979) also discusses 
how nitrite presence can lead to an underestimation of ammonium-N, which is particularly 
an issue for anaerobic environments, similar to the stockpiled soils used in this experiment.
The degree to which precipitates (natural or from gypsum), nitrite, organic nitrogen 
compounds, and NazEDTA interfere with the determination of ammonium-N will be unique 
to any particular sample. This reduces both the precision and accuracy of the Nelson method
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(1983). Enhanced SSV mine soils are known to have wide variation in cations and clay 
properties (Hewgill 1986; Miller and Cameron 1976), soil biology fauna (Visser et al. 1984; 
Wick et al. 2009b; Williamson and Johnson 1990a), nitrogen forms (Ross and Cairns 1981; 
Williamson and Johnson 1990b), and anaerobic conditions (Abdul-Kareem and McRae 1984; 
Harris et al. 1989) and thus each sample will have different amounts of ammonium-N, 
amino-acids, nitrite and cations. In this case, there is significant (>50%) variation in EC, Na+, 
SO42- and chloride in both soil A and soil B (Table 6-1), all of which can either interfere in the 
Berthelot reaction as a precipitate (Helder and De Vries 1979; Mulvaney 1996; Nelson 1983; 
Searle 1984) or interfere differently in monochloramine formation (Nelson 1983; Rhine et 
al 1998). Thus, a different amount of cations, anions, nitrite, ammonium-N or amino-acid in 
each sample means there is a different amount of interference and/or ammonium-N in each 
sample, thus increasing the variation between samples in an inconsistent way. This 
inconsistency between samples reduces the precision and accuracy of the Nelson method 
(1983), irrespective of the rate of Na2EDTA used.
Colour development is also affected by the components of individual samples, limiting 
the accuracy of the Nelson (1983) method when applied to enhanced SSV soils. The excess 
Na2EDTA with 0.48mL 6%, 0.16mL 12% and 0.32mL 12% Na2EDTA in the steam distilled 
samples is reducing monochloramine formation, altering the calibration curves (Nelson 
1983; Rhine et al. 1998). In turn, this alters the calculations of ammonium-N causing an 
overestimation (Table 6-2) when compared to the lower rates of Na2EDTA (standard and 
0.32mL 6% NazEDTA). In the non-steam distilled samples, however, the higher rates of 
Na2EDTA will be used to chelate with cations, and only the excess will reduce the 
monochloramine formation (Nelson 1983; Rhine et al. 1998). Therefore, the extent to which 
colour development is altered in non-steam distilled samples will be determined by the 
cation concentration of each individual sample, and not just by the amount of Na2EDTA in 
the solution. Due to the differences in matrix between steam distilled and non-steam
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distilled samples, that is the removal of interferences with steam distillation, they will have 
different colour development. Therefore the steam distilled and non-steam distilled results 
may have no relationship with one another. This lack of relationship may be causing the 
poor correlations and Type 1 and 11 errors in Table 6-3. This is a possible line for further 
research, in addition with increased sample numbers (see below).
Therefore, matrix matching of standard curves for each individual sample would be 
required to improve the accuracy of the Nelson (1983) method for heterogeneous mine soils 
with gypsum application. Bower and Holm-Hansen (1980) discuss the idea of salt-specific 
calibrations for sea water, and this could also be done for individual soils. Individual 
calibration, however, is not necessarily a practical solution for enhanced SSV soils that differ 
significantly (as discussed above), where matching individual samples to a specific curve 
would be required.
Correlations between non-distilled and distilled samples may be improved through 
post-hoc power analysis (Dollhopf 2000). In conjunction with considering differences in 
colour development between steam and non-steam distilled samples, the sample size could 
be increased to try and better correlate results. Sample sizes with 10-20% error will reduce 
variation caused by SSV (Abdul-Kareem and McRae 1984; Hunter and Currie 1956; 
McDowell and Condron 2001) and improve correlations. The post-hoc analysis undertaken 
using this research demonstrated that 224 samples are needed for each factor (soil, rate of 
gypsum and rate of NazEDTA) to have no more than 10% error (Table 6-4). For this 
experiment, a total of 11,200 samples would need to be analysed to ensure 10% error 
across all rates of Na2EDTA. This is an impractical number of samples for mine and land 
managers to analyse to reduce error. Further research should consider the precision and 
accuracy of the method in tandem with sample numbers that are feasible for on-ground 
application of the method. In addition, increasing sample numbers may not reflect the soils 
naturally enhanced SSV (Dollhopf 2000). The lowered precision and accuracy and increased
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error associated with these soils may be a standard issue associated with these 
measurements, and should be further considered in both research and statistical analysis 
choice.
Whilst the Nelson method (1983) is inaccurate and imprecise for non-steam distilled 
extracts, it has potential for steam distilled extracts applied to enhanced SSV gypsum 
amended mine soils. Until further research is undertaken on the Nelson (1983) method 
regarding enhanced SSV soils, both with and without gypsum, it is fair to say that the 
standard method (Nelson 1983) has the potential to be both inaccurate and imprecise under 
these conditions, given the inconsistent interferences, colour development and the number 
of samples used in this experiment. In contrast, when considering the pre-treated samples 
(steam distillation), they are devoid of all interferences, apart from nitrite (which was not 
treated for in this paper). Although some rates of Na2 EDTA created less accurate results, the 
standard method (0.16mL 6%) had precise results. This implies that steam distilled 
samples give results that are potentially close to the actual amount and natural variation of 
ammonium-N in enhanced SSV mine soils.
As the steam distillation method removes all the interferences, it is possibly a more 
precise and accurate method for measuring mine soils with enhanced SSV and gypsum 
applications. To confirm the accuracy of these methods, calibration is required against an 
appropriate enhanced SSV soil standard or another method (e.g. steam distillation and 
titration). Although a standard was sought for this project, there were no accredited 
standards available world-wide. Other authors (Wielopolski etal. 2010) have also stated 
that a lack of appropriate standards for these soils makes it difficult to understand the 
accuracy and precision of standard chemical methods when applied to mine soils. Further to 
this, it may be worth considering isolating the exact causes of interferences in this method. 
This would involve studying the interaction between different rates of Na2 EDTA and
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d iffe re n t concentrations o f known interferences, inc lud ing precip itates from  cations 
(na tu ra l or from  gypsum), n itr ite  and organic n itrogen compounds.
6.5.5. Alternative methods
In add ition  to steam d is tilla tion , o ther a lte rnative  methods may be sought to reduce the 
inconsisten t interferences in m ine soils w ith  gypsum amendments. Such a lternatives 
include: the use o f citrates instead o f Na2 EDTA (Kempers and Kok 1989; Kempers and 
Zweers 1986; W ills  et al. 1993);an increased concentration o f KC1 or hypoch lo rite  to 
im prove  the ava ilab ility  o f ch lorine  and absorption values o f the colour reagents when a 
greater am ount o f Na2 EDTA is used fo r chelation (Kempers and Kok 1989; Nelson 1983); 
d ilu tion , depending on detection lim its  (Laima 1992; Mulvaney 1996); considering p re ­
trea tm en t before auto analysis, such as steam d is tilla tion  (B rem ner and Keeney 1965; 
Golterman 1991; Kempers 1974; Mulvaney 1996), which can be especially effective in the 
case o f d isturbed soils (Khan and F lower 1999); m icrod iffus ion or dialysis (Laima 1992); 
m icrop la te  techniques (Shand et al. 2008); and gas d iffusion (Ros et al. 2010).
D iffusion, d is tilla tion  and m icroplates are consistently noted in the lite ra tu re  e.g. 
(M ulvaney 1996; Rhine et al. 1998; Ros et al. 2010; Shand et al. 2008) as the best extract 
trea tm en t and analytical methods to reduce interferences. Other research suggests 
m easuring tota l N in com bination w ith  gaseous NÜ3 ' exchange instead o f measuring 
available N in h igh ly variable soils (Bennett and Adams 1999; Cookson et al. 2008). Each of 
these methods should be calibrated on enhanced SSV soils p r io r to use. Calibration of the 
m ethods should consider the re la tionsh ip  w ith  soil fe r t il ity  and p lan t available am m onium - 
N (P rober and Smith 2009; W illiam son and Johnson 1990b), especially fo r m ine site 
revegetation and rehab ilita tion  (H arris  2009; Smits et al. 2010).
Methods tha t should be avoided fo r high cation soils, inc lud ing those w ith  gypsum 
amendments, include centrifuging, chrom atography and electrodes. Centrifuging does not 
a llow  the removal o f a p recip ita te  when using automated co lo rim e tric  procedures (flow
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injection or segmented flow), as mixing occurs internally and the precipitate forms with the 
addition of the reagents (Foner and Ehrlich 1983). It also does not remove other 
contaminants, such as amino-acids and nitrites. Chromotography is not recommended for 
saline soils (natural or with gypsum) due to high cation interferences, and an alternative 
suggestion is the use of ammonium-N electrodes, but they are known to be expensive and 
have short lifetimes (Mulvaney 1996).
6.5.6. Implication of gypsum interference for field conditions
In addition to the above, the method also needs to be tested on field condition mine soils
both with and without gypsum application. Previous research on gypsum dissolution in 
Australia is known to be about l t / h a  for 120-130mm of cumulative rain (Greene and Ford 
1985) or 800kg/ML of water (Davidson and Quirk 1961). However, the exact dissolution is 
dependent on: the purity of the product and the type of impurities it may contain (Naidu et 
al. 1995a; Noble and Randall 1998); rainfall (Ford et al. 1995; McKenzie et al. 1995); soil 
properties (Ford et al. 1995; Naidu et al. 1995a), including pore volume and infiltration 
(Gupta et al. 1985) and sorption effects (Peregrina et al. 2008); surface area of the gypsum 
product (Naidu et al. 1995a; Noble and Randall 1998; Oster and jayawardane 1998); 
application rate and management practices (Ford et al. 1995). Assuming that rainfall is the 
biggest influencing factor, in arid areas (no more than 350 mm rainfall per year) dissolution 
based on Greene and Ford (1985) would be 2.7t/ha, and complete dissolution of 10t/ha 
would not be for 3.7 years. Natural variation between samples, in combination with 
differences in the rate of dissolution, may increase variability of precipitation between 
samples, and this would also need consideration, as described in previous sections.
6.6. Conclusion
The presence of gypsum was shown to cause a precipitate in solution using the standard 
Berthelot reaction method (Nelson), and this caused an overestimation of ammonium-N.
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Increasing the rate of chelation reagent [Na2 EDTA] to 0.32mL 12% from 0.16mL 6% caused 
high variability and non-detection of ammonium-N, and this rate should be avoided in 
future work. The nature of the mine soils, and their high variability, probably resulted in the 
inconsistent averages of ammonium-N and variation within soil types treated with different 
rates of Na2 EDTA and gypsum. Due to the enhanced SSV of the soils, individual sample 
matrix matching and calibration would be required for the Nelson method. Pre-treating 
extracts by steam distillation would be a more practical option. Further research includes 
alternative methods, field conditions and calibration of all methods needs to consider the 
variation of the mine soils in combination with gypsum application.
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7. Precision of the anion exchange membrane phosphorus 
technique when using a range of low-ionic solutions in 
analysis of heterogeneous mine soils
"But the progressive nature o f many mining and tipping operations allows valid observations 
to be made on a series o f sites of different ages one at a time."
A.D. Bradshaw, 1983, on monitoring
Rock batters help reduce erosion ofsodic soils on 20 degree slopes at Barrick (Cowal) Gold 
mine (Photo: Jess Drake)
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7.1. Chapter Summary
This chapter considers the development o f methods fo r measuring plant available- 
Phosphorus in enhanced small-scale variation mine soils. The chapter follows on from Chapter 
4, where it  was concluded that methods fo r assessing plant available-P require further 
development. This chapter echoes the literature in Chapter 3, which discusses the need to 
improve methods fo r assessing mine soils. This chapter uses soil from Barrick (Cowal) Gold 
Mine. These stockpiles are known to have been constructed using multiple materials, and are 
assumed to have enhanced SSV. The soil is sampled in a way to reflect the heterogeneity of the 
soil. The rationale behind the choice o f methods examined in this Chapter is included in 
Appendix 5, as these have been omitted fo r publication. It determines that two methods are 
precise ways o f measuring mine soils, but the accuracy o f the methods requires more research. 
This chapter is accepted fo r publication and In Press at Communications in Soil Science and 
Plant Analysis. This chapter has had some minor corrections made since submission fo r 
publication.
7.2. Introduction
Stockpiling is know n to cause a decrease in P fractions that are m ost accessible by plants 
(Ghose and Kundu 2004; Praveen-Kumar et al. 2005], and this has the po tentia l to lim it 
p lant g row th  during  the rehab ilita tion  o f m ine sites (Bendfeld t et al. 2001; Courtney and 
H arring ton  2010; Courtney et al. 2009). A ppropria te  methods for assessing P in m ine soils is 
essential fo r successful revegetation o f m ine sites (Grant et al. 2007; Praveen-Kumar et al. 
2005; Sharma etal. 2001; Standish etal. 2010). The use o f anion exchange membrane (AEM) 
techniques to measure anion exchangeable membrane-P (AEM-P) (Hedley and Stewart 
1982; Lajtha et al. 1999) has been found to correlate w ith  both p lan t use o f P and plant 
yie ld  across many d iffe ren t soil types (Fernandes and Coutinho 1997; Fernandes et al. 1999; 
Schoenau and Huang 1991).
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Mine soil management can increase small-scale variability (SSV) of soil chemistry (pH, 
cations) and physics (clay surfaces) (Abdul-Kareem and McRae 1984; Hunter and Currie 
1956), which can increase fluctuations in P sorption when using the AEM method (Carter et 
al. 2009; McDowell and Condron 2001; Parfitt 1978; Soinne 2009). This has the potential for 
increasing variation in results, and hence reducing precision in measuring AEM-P. The use 
of AEMs, however, has not been thoroughly considered on enhanced SSV mine soils (Drake 
et al. 2010c) or for mine rehabilitation (Courtney and Harrington 2010; Courtney et al.
2009). Adapting the method to remove the factors associated with mine soil variability can 
potentially improve the precision of the measurement. A rationale for using the AEM-P 
method, rather than another, is given in Appendix 5.
The AEM method described by Hedley (1982) and Lajtha (1999) requires an 18 hour 
extraction period. During this period, P-fractions in the soil can fluctuate leading to 
inaccurate and variable measurements of AEM-P (Curtin and Naidu 1998; Schoenau and 
Huang 1991; Sibbesen 1978; Soinne 2009). The concentration of available cations in the soil 
affects the surface potential of the soil when water is added, resulting in changes in pH 
which affects sorptivity of P (Curtin and Naidu 1998; Thomas 1996). Soinne (2009) found 
that exposure of clay surfaces as a result of sample preparation can also cause changes in P- 
sorption. The overall buffering capacity of the soil (cations and mineralogy) can affect P- 
sorption and fluctuations during extraction (Schoenau and Huang 1991; Sibbesen 1978). In 
addition to the above factors, increased chemical (cation) and physical (clays) SSV of mine 
soils (Abdul-Kareem and McRae 1984; Hunter and Currie 1956) has the potential to cause 
increased P-sorption during AEM-P extraction, through the increased variation of P-sorption 
properties within and between samples.
Drake et al. (2010c) describes the possibility of using the AEM method in combination 
with low ionic solutions (LIS) to limit any variability caused by changing salt concentrations 
(Thomas 1996) and thus buffer against changes in P-sorption during extraction of AEM-P,
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reducing error in the measurement of enhanced SSV mine site soils. Depending on the type 
of cation present in the LIS and the soil type, the LIS may affect the availability of AEM-P and 
other inorganic P-fractions (Soinne 2009) by altering the sorption of P in the extractant 
solution and sorption onto the AEM. In order of most to least likely to affect sorptivity of P 
are Fe, Mg, Ca, K, Na and NEU (Parfitt 1978). Na and NEUareknown to increase P desorption 
(Curtin and Naidu 1998; Naidu and Rengasamy 1995; Parfitt 1978), and when used in an 
extractant are likely to increase AEM-P. Fe, Mg, Ca increase sorption of P (Curtin and Naidu 
1998; Naidu and Rengasamy 1995; Parfitt 1978), and thus will decrease AEM-P when used 
in an extractant. Thus the LIS itself can create imprecise and inaccurate measurements of 
AEM-P by altering P-sorption and P-fractions during extraction.
This study aims to determine if the AEM method (Hedley and Stewart 1982; Lajtha et al. 
1999) in conjunction with four different LIS as extractants, can be used to precisely measure 
AEM-P across a range of enhanced SSV mine soils. Using coefficient of variation (CV), it 
assesses the precision of the standard AEM method (using deionised water) against AEM 
with different LISs as extractants. It also considers whether or not an LIS can affect the 
measurement of AEM-P and subsequent inorganic P-fractionations through increasing 
sorption or desorption of P. A phosphorous buffering index (PBI) (Rayment and Lyons 
2010) for each of the soils is used to understand the accuracy of the measurements (Allen et 
al. 2001).
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7.3. Materials and Methods
7.3.1. Soil Description
Soils used in the experiment were collected from stockpiles at the Barrick (Cowal) Gold 
Mine, located at Lake Cowal (Latitude -33.63978 South and Longitude 147.40631 East] in 
New South Wales, Australia. Soil samples were randomly selected from five stockpiles at the 
site and analysed by Drake (2009] as being a combination of one or all of A and B horizons 
from Lake Cowal, Wah Way and Marsden soil formations (King 1998] and waste materials 
(organics and saline oxide waste]. Prior to mining, the soils were described as being grey 
sodosols (Lake Cowal], red chromosols (Wah Way], brown and red vertosols and kandosols 
(Marsden] (Barker and Wild 1998; Isbell 1996]. Sampling of these soils was detailed in 
Chapter 4. The mine soil used has undergone stripping, stockpiling, mixing and is assumed 
to have enhanced SSV (Sencindiver and Ammons 2000].
Chemical analysis of the soils was undertaken by the Incitec Pivot Nutrient Advantage 
Laboratory, Australia (Table 7-1]. Soils were air-dried, crushed and sieved to 2mm prior to 
analysis. Mixing was avoided to maintain the nature heterogeneity of the soils. The methods 
used were from Rayment and Higginson (1992]: pH using 1:5 soil to solution using 0.01M 
CaCL (4B2] and Electrical Conductivity (EC] using 1:5 soil to water (3A1]; Automated 
colorimetric analysis of Colwell P (9B2]; pH 7.0 Ammonium Acetate extracted exchangeable 
cations (15D3] and SO42' calculated from sulphur concentration (3:20 soil to 0.25M KC1] 
(ASPAC KC1 40], and both determined using Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES]; and chloride measured using 1:5 soil to solution and automated 
colour (5A2). Cation exchange capacity (CEC] and exchangeable sodium percentage (ESP] 
were calculated from the exchangeable cation results. Using averages from Table 7-1, these 
stockpiles are characterised as: A] alkaline sodic, B] gypsum treated (lOt/ha] soil A, C] 
alkaline, D] saline sodic, and E] acid. The coefficient of variation (CV%] was calculated for
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each soil, to show the variation of each soil characteristic. Soil B is not in Table 1 because at
the time of analysis it was the same as soil A and gypsum was added post-analysis. It is
assumed as being identical to soil A, but with higher Ca2+ and EC.
Table 7-1: Average pH, EC, Exchangeable Ca2+, Mg2+, K+, Na+ and CEC for soils A (n=24), C (n = 5), D 
(n=9) and E (n=3) collected from Cowal, with coefficient of variation (CV%) in brackets. CVs over 100% 
are in bold. The soil types are described as being: A) alkaline sodic, C) alkaline, D) sodic, and E) acid.
Soil
pH
1:5 CaCI2
EC
(d S /m )
Ex. Na* 
(cm olc /kg)
Ex. C a2+ 
(cm o lc/k g )
Ex. M g2* 
(cm o lc/k g )
Ex. K* 
(c m o lc/k g )
CEC
(cm o lc/kg )
C olw ell P 
(m g /k g )
C h lo ride
(m g /kg )
A 7 .6 -9 .1 3 .1 (7 4 ) 2 .1 (5 7 ) 12 .2  (39) 6 .4  (33) 0 .8  (25) 21 .3  (36) 13 .8  (60) 3 6 4 .7  (90)
C 8 .3 -9 1 .7  (18) 1 .4  (50) 1 6 .0  (6) 6 .8  (16) 0 .9  (33) 26 .0  (10) 1 0 .0  (45) 5 5 .6  (96)
D 5-9 10 .7  (54) 8 .8  (53) 9 .1  ( 1 0 2 ) 8 .5  (14) 0 .5  (40) 27 .1  (20) 7 .3  (27) 1 5 0 3 .3  (73)
E 5 .6 -6 .3 0 .6  (50) 0 .2  (50) 3 .2  (19) 1.3 (15) 0 .6  (30) 5 .4 (1 5 ) 12 .7  (24) 38 .3  (110)
For experimentation (as described below), the stockpile samples added concurrently to 
a container. The soil was not mixed, and remained in a heterogeneous state to emulate the 
heterogeneity of the soil. Samples were then randomly taken from this container for 
analysis.
7.3.2. Experimental Design
The standard Lajtha (1999) method for AEM-P, undertaken with water or an LIS, was 
used to determine if it could be used as an accurate and precise P measurement for 
stockpiled soils. The five stockpiled soils formed part of a 5x4 factorial experiment. The two 
factors being type of soil (A -  E, with soil B being soil A plus 10T/ha Gyprock, as per Chapter 
6) and type of LIS (distilled water, KC1, CaCh or NLUF). LIS were chosen based on previous 
research. LISs have been used in P-extraction techniques in a range of landscapes (Lajtha et 
al. 1999; Moody and Bolland 1999), and have included KC1 (Barberis et al. 1998; D'Angelo et 
al. 2001; Drake et al. 2010c), CaCb (Barberis et al. 1998; D'Angelo et al. 2001; Devau et al. 
2009; McDowell and Condron 2001) and NH4 F(Bray and Kurtz 1945; Hazelton and Murphy 
2007). After initial extraction, soils then underwent full inorganic-P fractionation using a 
modified fractionation procedure (Condron et al. 1996; Hedley and Stewart 1982; Lajtha et
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al. 1999) [F igure 7-1). Samples were random ised by treatm ents in rows and columns w ith in  
a tray.
7.3.3. Full Fractionation
A fte r the AEM-P extraction, the same soil was then sequentia lly extracted for inorganic P 
using a m odified Hedley Fractionation procedure (Condron et al. 1996; Hedley and Stewart 
1982; Lajtha et al. 1999) [F igure 7-1). Sequential fractionation  a fter AEM-P consisted o f 
30mL: 1) 0.5M NaHC03 [BP), 2) 0.5M NaOH [OHP), 3) IM  HCl [HCLP), 4) 1.30mL CuS04 le ft 
overn igh t and then extracted w ith  30mL 1.3M H2SO4 [SP). The soil was extracted fo r 18 
hours in an end-over-end shaker, before being centrifuged at 3500rpm  for 5 m in and then 
having the supernatant decanted fo r analysis. Total inorganic-P [TIP) was determ ined as the 
sum o f all fractions.
Fraction 1:
AEM-P
(either Dl, 
KCI, CaCI2, 
NH4F)
Fraction 2:
BP
(0.5M
NaHCO,)
a
Fraction B:
OHP
(0.5M
NaOH)
Fraction 4:
HCIP 
(1M HCI)
A
Fraction 5:
SP
(1.3M
H;S04)
A
Total P:
TIP
(sum of all 
fractions)
A
F igu re  7-1: Ino rgan ic-P  fra c tio n a tio n  p ro ced u re : 1) AEM-P by LIS type, 2) BP by NaHCCh, 3) OHP by 
NaOH, 4) HCIP by HCI, 5) SP by  H2SO4 and to ta l in o rg a n ic  P (T IP ) as the  sum  o f a ll frac tions .
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7.3.4. Phosphorus Buffering Index
An unadjusted phosphorus buffering  index (PBI) was used to measure the so rp tiv ity  o f 
the soil, and to corre late between PBI and the AEM-P method using the d iffe ren t LISs. PBI 
was measured using a m odified method (914a) from  Rayment and Lyons (2010). A P- 
equ ilib ra tin g  solu tion o f 0.01M CaCb was made so tha t 1L contained 100mg P (0.4393g 
KH2PO4 /L ) . 10 drops o f ch lo ro fo rm  were added to suppress b iologica l activ ity . 4g o f each 
soil (A-E) was measured out five times in to  five d iffe ren t falcon tubes, and 40m L o f P 
equ ilib ra tin g  so lu tion added. The samples were then le ft on end-over-end ro ta tion  fo r 17 
hours. They were then centrifuged at 3000rpm  and filte red  w ith  W hatm an No.5 paper 
before analysis (see below). PBI was calculated using Equation 7.1. As suggested in A llen et 
al. (2001), a s ing le-po in t sorp tion  index is su ffic ien t fo r measuring the P -sorp tiv ity  o f a 
range o f Austra lian soils.
Ps
Hqiiuliun 7.1: Pli!  =  ^
Where, Ps = freshly sorbed PI (mg P/kg), and c = final solu tion P concentration (mg P /L)
7.3.5. Phosphorus Analysis
Malachite green, as per Lajtha (1999), was used to analyse each o f the extracts fo r AEM- 
P and fractionations. Spectrophotom etry was undertaken using a Varian Cary 50 
spectrophotom eter at 630nm. It should be noted tha t salts present in the extracts were 
un like ly  to cause interference in m alachite green co lour developm ent (Barberis etal. 1998; 
D'Angelo et al. 2001).
187
Chapter Seven
7.3.6. Statistical Analysis
Data was analysed using GenStat 12.0. General analyses of variance (ANOVA) were 
carried out on each variate (P-fractions), with soil type and LIS as factors. Blocks were 
undertaken using randomised rows and columns for analysis. ANOVAs are commonly used 
in experimental design and analysis for soil research (Webster 2007). All P-fractions, apart 
from TIP, were log transformed to accommodate heterogeneity of variances using residual 
plots from ANOVAs. TIP had a normal distribution, and did not require transformation. The 
back transformed data is presented in the results section. Power analysis was undertaken 
prior to analysis, finding 5 samples sufficient for ANOVA with a 5% significance level, 80% 
power, size of difference set at 2, and variance set at 1. Where variance ratios were 
significant, least significant differences (LSDs) at P<0.05 were calculated as to determine 
significant differences in the ANOVAs. These were checked against the appropriate 
orthogonal contrasts. These were checked against the appropriate orthogonal contrasts.
Coefficient of variation (CV%) was undertaken on transformed data to understand the 
precision of the method, with CV > 50% considered high (Bolland and Allen 1998) and CV 
<30% not considered high (Lande 1977). CVs are often used to describe the precision of 
methods (Bendel et al. 1989; Kolins et al. 1983), as well as to compare the precision of 
measurements (Lande 1977), and hence are used to describe precision of methods in this 
paper. It is noted that CVs are influenced by sample sizes, and covariance between mean and 
standard deviation (Wilding and Drees 1983), and that these CVs are specific to the design 
of this study. The correlation of AEM-P and PBI was undertaken on transformed data. A 
minimum of 4 samples is needed to undertake a correlation with the same parameters as 
the ANOVA. Correlations between soil characteristics and P-fractions were not undertaken 
in this study due to imbalanced designs between the original survey (Table 7-1) and current 
work (Table 7-2).
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7.4. Results
7.4.1. Anion Exchangeable Membrane-P (AEM-P)
The interaction between soil type and LIS had a significant effect on determ ining AEM-P
concentrations (P<0.05, LSD=0.40%). Explicity, AEM-P was found to be lowest for soils A, B, 
C and E when extracted w ith  CaCh, and w ith  KC1 use resulting in low AEM-P for soil D 
(Table 7-2, Figure 7-2). AEM-P was highest for soils A, D and E when using NH4F and highest 
for B and C when using D1 (Table 7-2, Figure 7-2). W ith data transformation, the CV varied 
for each soil type and LIS, but was consistently low (<10%) when using NH4F (soils B, D and 
E) or D1 (soils A, C and E). CVs were very high (93% to >100%) when using CaChfor all soil 
types, and when using KC1 for soils B and D (Table 7-2).
Table 7-2: Average (n=5) AEM-P calculated for each soil type (A, B, C, D, E) and LIS (CaCh, DI, KC1 and 
NH4 F). Coefficient of variation (CV%) for log transformed data is in brackets. CVs over 30% are in bold. 
The soil types are described as being: A) alkaline sodic, B) gypsum treated (10t/ha) soil A, C) alkaline, D) 
sodic, and E) acid.
u s
Soil A 
(P m g /k g )
Soil B 
(P m g /k g )
Soil C 
(P m g /k g )
Soil D 
(P m g /k g )
Soil E 
(P m g /k g )
CaCI2 1.2 ( > 100) 3.1 ( > 100) 2 .4  (93) 8 .3  (138) 0 .7  ( > 100)
DI 4 .7 (8 ) 15.5  (16) 24 .1  (10) 11.3  (14) 5 .4 (3 )
KCI 3 .4  (33) 7 .6  (9 7 ) 8 .2  (8) 0 .9  ( > 100) 3 .8  (9)
n h 4f 14 .2  (23) 12.4  (6) 19.7  (14) 14.3  (10) 9 .4 (1 )
7.4.2. Fraction 2: Bicarbonate-P
BP was strongly affected by the type of LIS used to undertake the firs t fractionation 
(P<0.05, LSD=0.04%). Soils that were orig inally extracted w ith  CaCh had the highest overall 
average of BP (38.62 mg/kg) (Figure 7-2). This was followed by KC1 (35.54 mg/kg), DI 
(34.31 mg/kg), and NH4F (32.07 mg/kg). The untransformed CV of BP for CaCh, DI, KC1 and 
NH4F were 10%, 11%, 9% and 10% respectively
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7.4.3. Fraction 3: Hydroxide-P
OHP was significantly (P<0.05) affected by the interaction between soil type and LIS 
type used in the first fractionation (LSD = 0.1%, Figure 7-2). OHP was significantly higher in 
soils A and D where the first extraction was undertaken with CaCD compared to the other 
LISs, with averages of 29.05 and 65.56 mg/kg. Standard deviation was also high both of 
these, at 15.34 and 12.41 mg/kg. OHP was also higher in Soil D when first extracted with 
NH4F, with an average of 59.28 mg/kg. OHP was significantly lower in soil B when first 
extracted with NH4F compared to other LIS, with an average of 10.45 mg/kg. The CVs were 
all <30% with log transformation (Table 7-3).
7.4.4. Fraction 4: Flydrochloric Acid-P
HC1P was significantly (P<0.05) affected by the interaction between LIS and soil
(LSD=0.06%, Figure 7-2). This can be explained by the significantly higher HC1P in soil E 
when the first fraction undertaken was with CaCH, with an average of 40.21 mg/kg, 
compared to other LIS. HC1P was also higher in soil B where it was originally fractionated 
with NH4F, with an average of 51.29 mg/kg, compared to other LIS. CVs were all < 30% with 
log transformation (Table 7-3).
7.4.5. Fraction 5: Sulphuric Acid-P
SP was moderately (P<0.05) affected by the interaction between soil type and LIS 
(LSD=1.3%, Figure 7-2). Compared to all other LIS used in the first fractionation, SP was 
highest in soil E when CaCD was used (22.68 mg/kg) and lowest in soil A with NH4F (15.20 
mg/kg) and soil D with DI (5.16 mg/kg). The CVs for all soils were <30% with transformed 
data (Table 7-3).
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Figure 7-2: Average P (n=5) for P-fractions, including anion exchange m em brane-P  (AEM-P), 
bicarbonate-P  (BP), hydroxide-P (OHP), hydrochloric-P (HCIP) and sulphuric  acid-P (SP) by soil type (A- 
E) and  LIS used in fraction one (NH4F, KCl, DI and  CaCh). The total sum of the fractions is total inorganic- 
P (TIP).
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7.4.6. Total Inorganic-P
TIP was significantly (P<0.05) affected by the interaction between soil type and the LIS 
used in the firs t fractionation (LSD = 19.32%, Figure 7-2). Overall, TIP was lowest in soils A, 
B, C and D when it was orig inally fractionated w ith  KC1, w ith  averages of 109, 107, 95 and 92 
m g/kg respectively. When Soil D was originally fractionated w ith CaCh or NH4F there was 
more TIP than w ith  DI and KC1, w ith  averages of 158, 144, 108 and 92 mg/kg respectively. 
The CVs of the untransformed data were <30%, except for soil D which was 38% when firs t 
fractionated w ith  KC1 (Table 7-3).
Table 7-3: Coefficient of variation (CV%) for log transformed OHP, HC1P, and SP and untransformed 
TIP by soil type (A-E) and original LIS used for AEM-P.
p S o il A S o il B S o il C S o il D S o il E
F ra c t io n (C V % ) (C V % ) (C V % ) (C V % ) (C V % )
CaCI 13 2 5 4 1
DI 3 13 1 5 1
O H P
KCL 6 2 2 4 2
N H 4 F 2 1 6 4 3 1
CaCI 3 6 2 6 3
DI 3 1 2 6 3
HCIP
KCL 1 5 1 6 1
N H 4 F 2 6 4 3 2
CaCI 1 3 2 9 2
DI 4 3 1 5 2
SP
KCL 3 1 4 4 2
N H 4 F 1 1 3 8 2
CaCI 1 4 1 12 4 8
DI 7 1 7 11 1 0 9
TIP
KCL 4 12 2 3 8 6
N H 4 F 7 4 8 3 5
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7.4.7. PBI and AEM-P Correlation
PBI (m g /K g )/(m g /L )041 for each soil type is listed in Table 7-4, along w ith  the CVs for 
the PBI. W h ils t most CVs fo r PBls were under 10%, soil E had a s ign ifican tly  higher CV of 
35%. Correlations between PBI and AEM-P resulted in Type I and II errors, as highlighted in 
Table 7-4. N on-param etric corre la tion  tests were also undertaken on the data, includ ing 
Kendall corre la tion  coefficient, and Spearman corre la tion  o f statistica l dependence. These 
also resulted in errors. As some o f the corre la tions were like ly  to be Type 1 and II errors, it 
was concluded tha t the tests were inva lid  and no in te rp re ta tion  o f the results w ill be made. 
The reasons fo r the error, however, w ill be discussed critica lly .
Table 7-4: Average (n = 5) PBI (mg/Kg)/(mg/L)041 calculated for each soil type (A, B, C, D, E). 
Coefficent of variation (CV%) for log transformed data is in brackets. Correlation (r) between PBI and 
AEM-P by LIS (CaCh, DI, KC1 and NLUF) and soil type on transformed data is included. Those believed to 
be Type I or II errors are marked (*).
Soil A Soil B Soil C Soil D Soil E
PBI
(m g /K g ) /(m g /L )041
29 .4
(6)
22.3
(5)
20 .3  (7)
15.6
(9)
5 .5
(35)
CaCI2 0 .4 6 2 5 0 .9 8 0 2 0 .3 2 2 9 1 .0 0 * 0 .2 8 9 9
C o rre la t io n Dl 0 .0 4 8 0 0 .0 2 5 8 0 .6 6 9 3 * 0 .1 3 6 7 * 0 .9 2 7 7
(r) KCI 0 .6 3 71 0 5263 0 .2 4 0 8 * -0  931.4 0 .1 1 4 4
N H 4F -0 .3 3 5 9 0 .3 1 3 8 0 .0 9 3 6 0 .7 1 3 9 * -0 .9 3 1 7 *
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7.5. Discussion
7.5.1. Precision of AEMs with USs
AEM-P was lowest for soils A, B, C and E when CaCI2 was used, and lowest for soil D 
when KC1 was used, as compared to the other LISs (Table 7-2]. Overall, AEM-P and CVs 
varied on both the LIS used and the soil type. The CVs were highest for all soils extracted 
with CaCLand KC1 (soil B and D). Variability is generally controlled by the soil type and the 
exchangeable cations present in the LIS (Adams and Attiwill 1985). Low AEM- P and high 
variation with KC1 and CaCh is likely due to Ca2+ and K+ ions adsorbing some of the P and 
making it unavailable for attachment to the AEM (Parfitt 1978; Soinne 2009). Ca2+ is known 
to be stronger at adsorbing P than K+ (Parfitt 1978), which explains why AEM-P was found 
to be lower with CaCh than with KC1 for most of the soils. CaCk is also known to cause a 
decrease in AEM-P in Chromic Cambisols and sodic bauxite mine residues (Courtney and 
Harrington 2010; Devau et al. 2009). K+ may have been stronger in adsorbing P in soil D due 
to its sodic saline nature, where K+ sorption is dependent on the concentration of Na+ and 
NH4+ in soils which have lower sorption properties (Parfitt 1978). In soils already high with 
Chlorine (CL) (soils A and D, Table 1), CL may also be increasing the variability of the AEM-P 
results that used KC1. Additional CL may also out-complete P for sorption on the AEM (Drake 
et al. 2010c), increasing the variation and error associated when using a CL based LIS.
Variation associated in measuring AEM-P was lowest with DI for soil A, and NH4F for 
soils B and D, with similar variation in soils C and E with either NH4F or DI. In soil D, the 
combination of NH4+ from NH4F and natural Na+ (Table 7-1) may be acting as buffers 
(Thomas 1996), where sorption from cations or clay surfaces is being balanced with the 
known desorption properties of the cations (Curtin and Naidu 1998; Naidu and Rengasamy 
1995; Parfitt 1978). This may have been similar for soil B, where the NH4+ was acting as a 
buffer (Thomas 1996), and balancing sorption with the high Ca2+ from the gypsum addition
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(Delgado et al. 2002; Parfitt 1978]. The higher CV in soil A when extracted with NH4F may 
be a result of increased P desorption with high concentrations of NH4+ in combination with 
high natural Na+ levels affecting the variation of AEM-P between samples. The CVs for soils C 
and E were similar for both DI and NH4F, indicating that either LISs could be used for these 
soils. Across all the soils, NH4F and DI had the lowest CVs (<30%) and this would indicate 
that these LISs with AEMs are a precise method for analysing a range of soil types.
As the CV in AEM-P was generally <30% for at least one or more LIS used, this indicates 
that the enhanced chemical and clay variability in mine soils (Abdul-Kareem and McRae 
1984; McDowell and Condron 2001] is unlikely to be a factor affecting the precision of the 
AEM method. This is provided that the appropriate LIS is chosen for the soil type. Variation 
is also influenced by the sample size, and covariance between the mean and standard 
deviation (Wilding and Drees 1983], and the CVs may also be a reflection of the sample sizes 
used in this work. However, variation can be reduced by increasing sample size, as 
calculated by undertaking trials and post-hoc power analysis for mine soils (Dollhopf 2000], 
or by considering improved or alternative sampling and sample preparation (Soinne 2009].
Improved sample preparation includes: keeping samples moist to reduce surface 
potential and sorption fluctuations when LISs or DI is added (Curtin and Naidu 1998; Soinne 
2009; Thomas 1996]; air-drying and grinding soils may be more efficient in reducing error, 
provided that the limitations of the AEM method for the specific soil type are well 
understood (Lajtha et al. 1999]; or the direct immersion of the AEM into the soil surface so 
as to exclude sorption effects caused by extraction processes, which could both improve the 
precision of the measurement, as well as emulate infield conditions (Schoenau and Huang 
1991]. Sample preparation of stockpiled soils should also be considered in further research.
The difference in AEM-P between LIS type demonstrate the potential for misleading 
results when assessing soil for sufficiency or deficiency of P, as part of mine site 
revegetation. As AEM-P using CaCL or KC1 are generally lower, it may be underestimating
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p lant available-P. S im ilarly, AEM-P determ ined using D1 or NH4F may be overestim ating P.
In practical applications, th is may resu lt in the under- or over- fe rtilisa tion  o f soils fo r m ine 
site revegetation. For Austra lian native species, the ove r-fe rtilisa tion  o f m ine soils may 
resu lt in poor revegetation and a poor d ive rs ity  o f species (Prober and Smith 2009). Plant 
indicators, such as biomass (Courtney and H arring ton 2010), should be used to measure the 
accuracy o f the AEM-P methods when estim ating values o f P critica l fo r p lant g row th  and 
establishm ent on m ine sites.
7.5.2 . What affect does LIS have on subsequent P-fractions?
The use ofCaCD in the firs t fractiona tion  resulted in d iffe ren t increases in subsequent P-
fractionations fo r d iffe ren t soils. Specifically: BP was increased (the second fractionation) 
fo r all soils; OHP increased in soils A and D, together w ith  high SP; both HC1P and SP 
increased in soil E; and, TIP increased in soil D. Phosphorus buffering  capacity is known to 
be related to Ca2+, though this depends on its prevalence in the soil and soil pH (McDowell 
and Condron 2001; P a rfitt 1978). Thus CaCD may be changing the p roportions  o f BP, OHP, 
HC1P and SP (A tt iw ill and Leeper 1990b; Bertrand etal. 2003) through sorption, which leads 
to altered and variab le  inorganic-P fraction measurements.
When NH4F was used in the firs t fractionation , it  altered fractions in soils A and B. The 
add ition  o f NH4+ is known to have a s im ila r affect to Na+ in that it  increases desorption o f P 
re la tive to o ther cations (Curtin and Naidu 1998; Naidu and Rengasamy 1995; P arfitt 1978). 
Therefore, the add ition  o f NH4+ altered the cation balances in the so lu tion and prom oted 
desorption or sorp tion  o f P in d iffe ren t fractions, w ith  the rate o f sorp tion  or desorption a 
function o f the o ther cations present in the soils (A ttiw ill and Leeper 1990b; Bertrand et al. 
2003).
A ll CVs fo r the fractions, by soil type and orig ina l LIS used, were < 20% (Table 3). This 
was apart from  TIP in soil D (sodic acid soil). Here there was a CV o f 38% when KC1 was
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used for the first fraction, and lower TIP when KC1 and DI were used as the original LIS. This 
may be due to a number of factors. K+ in the KC1 may have been causing adsorption of P, as 
discussed in the previous section, reducing AEM-P and TIP, and increasing variation. OHP 
for D was higher when the original LIS used was either CaChor NH4F, resulting in greater 
TIP. This may have been due to nature of the soil (Table 7-1). Due to the relatively high 
sodicity of soil D (Table 7-1), P may have been more easily desorbed from the OHP fraction 
when Dl and KC1 were used in the first fractionation (Thomas 1996). This P may have been 
in excess of the maximum places on the AEM, and so the desorbed P would have been lost 
when the extractant was discarded. In contrast, the use of CaCD or NH4F buffered against the 
high Na+ in solution (Thomas 1996), and thus limited desorption of P from OHP into the 
AEM-P fraction. The exact nature of these changes in soil D fractions requires further 
research (as discussed below).
Overall, apart from soil D extracted with KC1, the LIS choice for AEM-P did not 
significantly affect the precision of subsequent fractionations, but it did affect the quantity of 
that fractionation through sorption and desorption in other fractions. Use of DI, KC1 and 
NH4F resulted in minimal changes in P in other fractions, with the exact changes dependent 
on soil type. Thus, variation in the fractions may be a result of the nature of the soil 
(enhanced SSV, soil type etc) rather than LIS choice. Determining exactly what affect LIS has 
on each fraction, and the accuracy of each LIS AEM combination, requires tracing of P by 
using P isotopes as 33P (Hedley and Stewart 1982) or isotope exchange kinetics (Chen et al. 
2003) or 31P-nuclear magnetic resonance (Condron et al. 1996; Condron et al. 1985; 
Doolette et al. 2011), together with correlation of P fractions with soil characteristics 
(cations, pH, clays etc), to determine the effects of LIS choice on sorption and desorption of 
P.
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7.5.3. Limitations of correlating PBI with AEM-P
The correlation between PBI and AEM-P was limited by method choice and the
differences in CVs. The use ofCaCD in the PBI method (Rayment and Lyons 2010) may be 
confounding both the results of the PBI and the ability to correlate with AEM- P. As 
demonstrated above, Ca2+ from CaCD use affects the sorption, and increases the variation of 
measurements across a range of soil types. This could be causing inaccurate results when it 
is used with a variety of soils similar to those used in this experiment. As a range of soil and 
physical soil properties affect the PBI (McDowell and Condron 2001; Schoenau and Huang 
1991; Sibbesen 1978), the one standard PBI method using Ca2+ does not consider soil 
specific properties. Therefore, the method may not be accurately demonstrating the 
buffering capacity of the soils used in this experiment. Lajtha (1999) suggests a range of LISs 
can be used for PBI measurements. This infers that alternative PBI methods should be 
considered for a wider variety of soil types and enhanced SSV soils, before further research 
can be undertaken. Accuracy of the AEM-P method in conjunction with LISs could be 
determined through correlation with plant biomass (Courtney and Harrington 2010), along 
with other standard P- methods (Bray and Kurtz 1945; Colwell 1963; Olsen et al. 1954; 
Peech and English 1944). This would also demonstrate if plant available-P is being 
accurately measured in enhanced SSV mine soils.
The differences in variation between PBI and AEM-P could be contributing to in the 
inability to effectively correlate the results. Using a post-hoc power analysis, sample size in 
trials could be increased to ensure a 10-20% error for both PBI and AEM-P (Dollhopf 2000). 
This would reduce variation caused by SSV (Abdul-Kareem and McRae 1984; Hunter and 
Currie 1956; McDowell and Condron 2001), and so improve correlation statistics. Using 
greater sample numbers to reduce variation is not necessarily representative or practical 
for soils with enhanced SSV (Dollhopf 2000). The variation in these measurements may 
need to be considered as a standard part of analysing these soils.
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7.6. Conclusion
The use o f AEM w ith  LIS on h igh ly variable stockpiled m aterials has not been tho rough ly  
researched. This study has shown tha t CaCb used in conjunction w ith  the AEM method 
should be avoided for most soils, due to overall low  precision and variable changes in P- 
fractionation . The use o f Dl, KC1 and NH4F all have the potentia l to be used w ith  the AEM 
method. DI or NH4F in conjunction w ith  AEM-P proved to be the most precise m ethods for 
the range o f soils used in th is study, w ith  lim ited  changes to subsequent fractions. The AEM 
method in conjunction w ith  LIS needs to be compared w ith  o ther P-methods, P-tracing and 
ind ica tors o f p lant ava ilab ility  fo r de te rm in ing  accuracy fo r enhanced SSV soils.
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8. Conclusion
"Sometimes the process is frustrating, perhaps particularly when it demonstrates our 
ecological inadequacies. But successful reconstruction o f ecosystems, when it is achieved, has 
the reward that it is the ultimate proof o f our ecological understanding."
A.D. Bradshaw, 1983
Emu chicks and father in a rehabilitated area ofBarrick (Cowal) Gold mine [Photo: Jess Drake)
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8.1. Introduction
This chapter will provide an overview of the outcomes of the thesis, with respect to the 
thesis' underlying hypothesis. The thesis is then synthesised and derives an overall outcome 
from this research. The synthesis also demonstrates the partial rejection of the hypothesis. 
This synthesis is used to discuss the limitations and research outlooks from the thesis. As 
there has been little to no research on standard guidelines for assessing enhanced SSV soils, 
the scope of the limitations and research questions are a reflection of the further research 
that is required. The practical implications for mine managers that arise from the outcomes 
of this thesis are also discussed. Overall, the thesis is shown to be a contribution to research 
in the areas of mine rehabilitation frameworks, and chemical and biological assessment of 
enhanced SSV mine soils. It provides new knowledge on how enhanced SSV mine soils can 
be assessed as part of rehabilitation on mine sites, and indicates what further research is 
needed to improve analytical and survey methods for these soils.
8.2. Thesis overview
The underlying hypothesis of this thesis was that: standard chemical and biological 
methods are not always suitable when assessing soils with enhanced SSV as part of mine 
rehabditation activities.
In order to test this hypothesis, the aim of this thesis was to determine if standard soil 
chemical and biological methods can be used in the assessment of enhanced SSV soils. This 
aim was approached through the following separate objectives:
1. To identify a new framework for ecosystem engineering, in which soil is one 
component (Chapter 2).
2. To review the literature on the issue of enhanced SSV and its role in influencing 
mine rehabilitation outcomes, and identify gaps in the literature regarding the
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assessment of enhanced SSV mine soils as part of rehabilitation activities 
(Chapter 3).
3. To undertake a pilot study of chemical characterisation of the surface of topsoil 
stockpiles at Barrick (Cowal] Gold Mine and use the characterisation data to 
assess variation (Chapter 4).
4. To assess the usefulness of standard inorganic and organic amendments as part 
of revegetation and soil improvement on Barrick (Cowal] Gold mine, and 
concurrently assess the precision and accuracy of the standard chemical and 
biological indicators being used in the assessment of the rehabilitated enhanced 
SSV mine soils (Chapter 5).
5. To assess the precision of a variation of the Berthelot reaction in the analysis of 
ammonium-N on enhanced SSV mine soils that have undergone gypsum 
amendment (Chapter 6).
6. To assess the precision of the anion exchange membrane technique for 
measuring plant available-P on a range of enhanced SSV mine soils (Chapter 7) .
The following section describes the outcomes of the objectives in each chapter of
this thesis.
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8.2.1. Chapter 2: Frameworks for mine rehabilitation
Chapter 2 investigated the first objective of the thesis: to identify gaps regarding
planning frameworks for mine rehabilitation. The chapter discussed the objective by 
considering how currently available frameworks for mine rehabilitation approach the many 
aspects of ecosystem engineering. It was determined that a new framework was necessary 
for planning implementation and monitoring ecosystem engineering. The chapter presented 
a new three-stage framework; a Landscape, Function, Structure and Composition (LFSC) 
framework that can include all the requirements for ecosystem engineering. In addition, the 
chapter demonstrated that soil needs to be included as part of mine rehabilitation activities 
(Ruiz-Jaen and Aide 2005; Tongway 1990). In keeping with the hypothesis and aim of this 
thesis, the chapter provided an important overview of rehabilitation, of which soil is an 
important part.
8.2.2. Chapter 3: Critical review of enhanced SSV in mine rehabilitation
Chapter 3 resolved the second objective: to identify gaps in the literature on issues of
enhanced SSV in mine rehabilitation. It investigated the objective by first defining enhanced 
SSV of mine soils (Dollhopf 2000; Sencindiver and Ammons 2000) and identifying its causes, 
as related to mine soil management (Abdul-Kareem and McRae 1984; Alvarenga etal. 2008; 
Carroll et al. 2000; Grant et al. 2007; Harris et al. 1989). The chapter then discusses the 
direct and indirect influence that variability can have on mine rehabilitation outcomes e.g. 
(Becker et al. 2006; Buczko and Gerke 2005a; Gerke et al. 1998; Hangen and Gerke 2007; 
Loomer et al. 2007; Ussiri and Lai 2005). In particular, the characteristics of SSV soils 
directly vary revegetation outcomes and environmental contamination in rehabilitation. SSV 
also influences mine soil characterisation, which can cause misleading results and 
inappropriate management decisions. This can then have a flow-on effect to rehabilitation
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outcomes, including poor choice of amendments (Hunter and Currie 1956) and a negative 
effect on revegetation (Gunter et al. 2009; Manderscheid 2003).
This chapter considered the hypothesis by discussing how enhanced SSV is known to 
affect rehabilitation outcomes, and the vital need to appropriately assess these soils and 
their associated variation as part of mine rehabilitation activities. The conclusions of this 
chapter indicate that there are currently several limitations in measuring and analysing 
enhanced SSV soils, including sampling and survey regimes (Chapter 4), reliable standard 
analytical methods (Chapters 5 -  8), rehabilitation treatments (Chapter 6), and choosing 
appropriate statistical analysis. Further research in these areas, including research 
undertaken in this thesis, can contribute to the development of standard guidelines for 
enhanced SSV mine soils.
8.2.3. Chapter 4: Chemical characteristics and variation of stockpiles
Chapter 4 investigated the third objective: to describe the chemical characteristics and
using this data to assess the variation of stockpile surfaces. The objective is firstly resolved 
through the description of chemical soil characteristics in the surface of stockpiles, and then 
related back to revegetation of the mine site. Analysis determined that high nitrate-N (>5 
mg/kg) and EC (>1.4dS/m) may negatively affect native revegetation and that Gypsum use 
should be avoided, with alternatives sought instead.
Variation of the materials was also assessed, as part of the overall aim of the thesis. 
Ternary diagrams and cluster analysis of available cations (Ca2+, Na+, Mg2+) demonstrated a 
strong likelihood of mixed materials, soils and horizons. This was supported by the variation 
in TC and TN relationships as associated with organic matter distributions. The variation 
within soil characteristics was high, with many characteristics having >50% coefficient of 
variation (CV)(Bolland and Allen 1998; Dollhopf 2000). Variation in SCU2- and ECe was 
related to gypsum. Variation in Colwell-P, NH4+ and NO3- may have been due to organic
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matter, stockpile management, low sample numbers and high variance or inconsistent 
interferences in the method. As Colwell-P, NO3 and ECe had high variation, the averages 
measured in the stockpile may be an erroneous estimate of the mean. This may be a 
misleading result in terms of vegetation requirements.
The lack of matching pre- and post-mine surveys limited comparison between previous 
and current surveys, and thus resulted in inconclusive results regarding the causes of 
variation for exchangeable cations, TC, TN, Colwell-P, NH4 + and NO3 -. This highlighted the 
need for mine-lifetime soil sampling and characterisation plans, as discussed in Chapter 3. 
The surveying of soils pre- and post-mine would allow for comparisons that could help 
determine variation and provide information for the amelioration of soil as part of 
revegetation and rehabilitation. This chapter also provided a suggested strategy for 
sampling soil stockpiles, particularly where there is limited post-mine information. The 
strategy included a pit with samples taken at defined increments. The data from the pit 
could be up-scaled using geostatistics, and used to determine SSV, characteristics of the soil 
and sampling strategies for other stockpiles. The issue of variation in chemical 
characteristics of respread soil is questioned in Chapter 5.
8.2.4. Chapter 5: Standard amendments and reliable indicators in the 
rehabilitation of enhanced SSV mine soils
Chapter 5 addressed the fourth objective: To assess the usefulness of standard inorganic
and organic amendments as part of revegetation and soil improvement on Barrick (Cowal) 
Gold mine, and concurrently assess the precision and accuracy of the standard chemical and 
biological indicators being used in the assessment of the rehabilitated enhanced SSV mine 
soils. This was investigated by firstly undertaking a 72 week fully randomised block design 
to simulate the effectiveness and of compost, wood mulch, no mulch and gypsum 
amendments in the rehabilitation and revegetation of enhanced SSV mine soils. Wood mulch 
increased respiration, soil moisture and C:N:P:S. The moisture and high C:N:P:S ratios under
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wood mulch corresponded positively with plant counts. Wood mulch has been previously 
found to be useful in rehabilitating other mine sites with low rainfall e.g. (Grigg et al. 2006; 
Smith et al. 1985; Smits et al. 2010; Voorhees 1986; Voorhees and Uresk 1990) and may be 
useful in rehabilitating low-rainfall mine sites with enhanced SSV soils, such as Barrick 
(Cowal). Compost, however, had low C:N:P:S ratios and had lower plant counts. This may be 
attributed to the biological activity of the compost (Sabo and Ferrini 2006). The exact cause 
for low plant counts with compost needs further consideration. In addition, the dynamics of 
the amendments over time, and implications for rehabilitation and revegetation, requires 
further research.
The accuracy and precision of each biological and chemical characteristic was then 
considered, as part of the overall aim of the thesis to identify reliable methods. Variation, 
calculated by the CV (Dollhopf 2000) determined from ANOVA analysis, was used to assess 
the precision of the methods. Correlations between characteristics were used to describe 
accuracy. High variation (as CV >30%)(Bolland and Allen 1998; Dollhopf 2000; Lande 1977) 
demonstrated low precision of nitrate-N and microbiological biomass carbon (MBC) 
measurements. MBC should therefore not be used due to the underlying variation 
influencing the outcome of the method (Harris 2003). Soil respiration was precise for 
assessing differences between treatments. To measure soil biological recovery with 
rehabilitation treatments, respiration along with other alternative methods (Harris 2003) 
should be used.
Nitrate-N may have had low precision due to inconsistent interferences and high 
variance attributed to enhanced SSV, as previously discussed in Chapter 3 and also found in 
Chapter 4. The available-P-fractions (WP and BP) were determined to be precise (CVs < 
30%) and accurate (correlated with TP) in measuring soils with enhanced SSV. However, 
WP, NP and nitrate-N did not correlate with plant counts. Thus, their accuracy as indicators 
for Australian native plant available-P and N is unknown. WP and BP require calibration for
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Australian native plants, and nitrate-N methods require calibration for plants and enhanced 
SSV soils. The chapter demonstrated that total C, P, S and N, EC, pH and moisture all had low 
CVs or relationships that explained the variation. These methods are therefore both 
accurate and precise for the analysis of enhanced SSV mine soils that have undergone 
rehabilitation. The data sets from these methods can also be analysed using parametric 
statistics (Chapter 3), and the outcomes are reliable. The chapter also discussed statistical 
methods that could potentially be used for dealing with characteristics that have high 
variation, including geostatistics and multivariate statistics (Chapter 3). This could be 
applied to EC, which has a high CV but is an accurate method. Calibration of analytical 
methods was addressed in Chapters 6 (ammonium-N) and 7 (plant available-P). Overall, 
this chapter demonstrated that some standard methods could be used to reliably assess 
mine soils that have undergone rehabilitation, whilst others are not reliable. Where a 
reliable method is one which was deemed as precise and accurate, and unreliable either not 
accurate and/or not precise.
8.2.5. Chapter 6: Can we use a standard Berthelot reaction to measure 
ammonium-N in enhanced SSV soils with gypsum amendments?
Chapter 6 resolved the fifth objective: precision and accuracy of the Berthelot reaction in
the analysis of ammonium-N on enhanced SSV mine soils with gypsum amendments. The 
objective of this chapter was investigated by analysing heterogeneous mine soils (that had 0, 
1, 5, and 10t/ha gypsum application) using a standard Berthelot method (Nelson 1983), and 
with different rates of chelation reagent to decrease interferences and improve precision. 
Both the presence of gypsum (Mulvaney 1996) and the enhanced variation of mine soils 
(Harris et al. 1989; Hewgill 1986; Ross and Cairns 1981; Wick et al. 2009b; Williamson and 
Johnson 1990a) were determined to cause inconsistent interferences. The standard method 
(Nelson 1983) was found to be imprecise and inaccurate when used on gypsum-amended 
enhanced SSV mine soils. The method using 0.32mL 12% Na2 EDTA was found to be 
completely unreliable and should be avoided.
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This chapter supported the overall thesis aim by dem onstrating tha t the inconsistent 
interferences as a resu lt o f enhanced SSV make the Nelson method inaccurate and im precise 
fo r m ine soils. This is irrespective o f rate o f chelation reagent. Overall, the findings indicated 
tha t enhanced SSV soils, both w ith  and w ith o u t gypsum, requ ire  e ither increased sample 
numbers when using the Berthe lo t reaction (Nelson 1983), m a trix  matching, or a more 
rigorous method or p re -trea tm ent to reduce interferences, such as steam d is tilla tion  
(B rem ner and Keeney 1965; Golterman 1991; Kempers 1974; Mulvaney 1996). Steam 
d is tilla tion  o f samples p r io r  to analysis is the most practical solution.
8.2.6. Chapter 7: Can we use the anion exchange membrane technique 
for measuring P in enhanced SSV mine soils?
Chapter 7 addressed objective six: to assess the precision and accuracy o f the anion
exchange membrane technique fo r measuring p lant available-P on a range o f enhanced SSV 
m ine soils. A range o f low -ion ic  solutions (LIS) in com bination w ith  AEMs were used as 
means o f bu ffe ring  the variable properties o f the range o f m ine soils used (Drake et al. 
2010c). The use o f anion exchange membranes w ith  DI or NH4F as extractants resulted in 
low  va ria tion  in AEM-P or subsequent fractionations, and thus good precision o f AEM-P 
measurements. The overall aim o f the thesis was resolved by dem onstra ting  tha t the 
underly ing  enhanced SSV o f the soil had no affect on the precision on the AEM-P 
measurement.
Phosphorus bu ffe ring  index (PB1) was unsuitab le as a means o f de te rm in ing  the 
accuracy o f the AEM-P method. PBI has lim ita tions  tha t are soil specific, as also reported by 
o ther authors e.g. (McDowell and Condron 2001; Schoenau and Huang 1991; Sibbesen 
1978). The changes to subsequent P-fractions w ith  the use o f LISs, in com bination w ith  the 
effect tha t enhanced SSV may have on P sorption, needs fu rth e r consideration using P- 
trac ing techniques (Chen et al. 2003; Condron et al. 1996; Doolette et al. 2011; Hedley and 
Stewart 1982). The DI or NH4F AEM-P method requires fu rthe r research to investigate the
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accuracy o f the measurements on m ine soils. This includes changes in fractionations, as well 
as w hether AEM-P accurately represents p lant available-P fo r species used in m ine 
rehab ilita tion .
8.3. Thesis synthesis: Assessing enhanced SSV mine soils
8.3.1. Indirect effect of SSV on mine rehabilitation: methods
This thesis dem onstrated tha t some standard chemical and biological methods can be
used to assess enhanced SSV m ine soils, w h ils t others need fu rthe r development. Chapter 2 
dem onstrated w hy soil is an essential pa rt o f ecosystem rehab ilita tion  or engineering. 
Chapter 3 then discussed the im portance o f m ine soil assessment as pa rt o f rehab ilita tion  
p lanning and m onitoring . How soils are managed, th rough stripp ing, s tockp iling  and 
inclusion o f undesirable characteristics, increases its va ria tion  at 0-100cm. This enhanced 
SSV can po ten tia lly  d irec tly  and in d ire c tly  influence rehab ilita tion  outcomes (Chapter 3). 
The thesis then focused on the ind irec t affect tha t enhanced SSV can have on rehab ilita tion  
outcomes - m isleading results from  soil chemical and biological methods. This includes high 
variance in results due to insu ffic ien t sample numbers and survey, inapprop ria te  statistica l 
analysis, and inconsistent in terferences in analytical methods. This thesis determ ined 
re liab le  standard chemical and biologica l soil methods fo r enhanced SSV soils, w h ils t using 
appropria te  s tra tified  statistica l analysis (ANOVA, transform ations, CVs, LSDs) to consider 
high variance, as discussed in Chapter 3.
8.3.2. Reliable methods for assessing stockpiled and respread soils
Both stockpiled and respread m ine soils have the same re liable and unre liab le  methods.
A re liab le  m ethod was determ ined to be both precise and accurate, using CVs and 
corre la tions (Chapters 4-7). Un re liab le  method was analysed s im ila rly , however, was 
inaccurate a n d /o r imprecise. An assessment o f stockpile and respread soils, rehab ilita tion  
treatm ents and th e ir varia tion  was undertaken in Chapters 4 and 5. Varia tion  o f
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exchangeable cations, ECe, pH, TC and TN characteristics in stockpiles (Chapter 4) may be 
from natural variation or mine soils management. Whereas variation in Colwell-P, nitrate-N 
and ammonium-N methods may be natural, from mine soil management, insufficient sample 
sizes or inconsistent interferences. Colwell-P and nitrate-N may also have misleading results 
from erroneous estimates of the mean. This can directly cause poor revegetation and 
amelioration choices for rehabilitation of the site, as also discussed in Chapter 4. Matching 
pre- and post-mine surveys, method calibration and further stockpile analysis at depth 
would allow mine managers to know the cause of variation more precisely.
When we look at the findings from Chapter 5, we find a similar outcome to Chapter 4 
regarding reliable and unreliable methods. The respread, heterogeneous amended soil in 
Chapter 5 could be reliably analysed using total C, N, P, S, EC, pH, moisture, WP, BP and soil 
respiration and a stratified ANOVA design for statistical analysis. These indicators were also 
reliable in Chapter 4, suggesting that they are useful indicators for assessing both stockpiled 
and respread mine soils. MBC was determined to be unreliable. It was noted that WP may 
not be an accurate indicator of plant available-P for Australian native plants. Soil respiration 
can not be used as a sole indicator of soil biology in recovery of mine soils. In both chapters, 
it was determined that nitrate-N and ammonium-N methods were potentially unreliable for 
assessing either respread or stockpiled mine soils. Whilst the reliable methods were useful 
for assessing stockpile mine soils for rehabilitation (Chapter 4) and were useful for 
explaining the effectiveness of rehabilitation treatments and revegetation (Chapter 5), there 
is a need to have reliable available nutrient and soil biological indicators. The lack of reliable 
indicators in Chapter 4 and 5 made it difficult to determine rehabilitation treatments and 
possible plant responses (Chapter 4), and to measure nutrient dynamics, soil biological 
recovery and plant responses to rehabilitation treatments as a function of time (Chapter 5).
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8.3.3. Reliability of Ammonium-N and P methods
Method development and calibration in Chapters 6 and 7 helped to determine the issues
associated with P and ammonium-N methods in assessment of mine soils. Chapter 6 
determined that enhanced SSV and gypsum cause inconsistent interferences in the standard 
Berthelot method (Nelson 1983). Pre-treatment of samples by steam distillation is possibly 
the most practical way of reducing interferences. Although a different ammonium-N method 
was used in Chapter 4, it is quite possible the high CVs in this method in Chapter 4 are also a 
result of inconsistent interferences, as shown in Chapter 6.
Chapter 7 determined that DI and NFUF plus AEM-P can be used to precisely measure 
mine soils. The accuracy of the method in Chapter 7 was not resolved, but was addressed in 
Chapter 5. The Dl AEM-P method was used in Chapter 5, and correlated with TP. This 
indicates that DI AEM-P is potentially an accurate method for both gypsum and non-gypsum 
amended soils. The Dl AEM-P method in Chapter 5 did not correlate with the native plant 
counts. This highlights the issue as to whether the DI and NFUF AEM-P method are suitable 
for measuring plant available-P for a range of Australian native plants, in addition to 
assessing a range of enhanced SSV mine soil and other in situ soil types. This requires 
further research.
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8.3.4. Overall outcomes of thesis
The underlying hypothesis of this thesis, that some methods are not always suitable for 
mine soils, was only partially rejected. The thesis determined that standard nitrate-N and 
ammonium-N methods and MBC are inaccurate and imprecise for enhanced SSV soils 
(Chapter 5 and 6), supporting the hypothesis. To improve precision and accuracy of 
ammonium-N methods, KC1 extracts should be pre-treated (Chapter 6).
Conversely, this thesis determined that total C, N, P, S, EC, moisture and pH are all 
accurate and precise in measuring differences between rehabilitation treatments and 
enhanced SSV mine soil (Chapter 4 and 5), rejecting the hypothesis. The AEM-P method with 
DI, and BP are possibly both accurate and precise in the measurement of mine soils. The use 
of NH4F for AEM-P may also be precise and accurate with further calibration. The AEM-P 
method, however, requires calibration in relation to the requirements of available-P for 
Australian native plants (Chapter 5 and 7). Soil respiration is suitable for assessing 
differences between rehabilitation treatments. Alone, soil respiration is not an effective 
measurement of soil biological dynamics or recovery in enhanced SSV soils (Chapter 5). 
Reliable methods that do not indirectly affect ecosystem development are crucial for the 
measurement of plant fertility and soil biological recovery in mine rehabilitation e.g. (Bell et 
al. 2003; Jasper 2007; Jasper et al. 1988). Thus, there needs to be further development of 
available nutrient and soil biological methods, leading to a holistic understanding of 
rehabilitation, mine soils and treatment effects.
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8.4. Limitations and Research Outlook
The following sections describe limitations and research outlook from this thesis. This is 
in addition to those discussed in the individual chapters (Chapters 2-7). An overall research 
outlook is first presented, as developed from the thesis synthesis. The limitations and 
research opportunities from Chapter 2 focus on the need to develop the framework into a 
quantitative tool. Issues of surveying and sampling mine soils (Chapter 3 and 4), method 
calibration and development (Chapters 4 - 7 )  and statistical analysis of soils (Chapter 3 and 
5) are discussed. This relates to the overarching synthesis and research question developed 
from this thesis.
8.4.1. Overall research question from thesis
This thesis demonstrates that whilst some methods are applicable for the assessment of
enhanced SSV soils, others are not. Although this thesis only looked at very specific 
methods, other methods may also be unreliable when applied to enhanced SSV mine soils. 
Analysis of these soils, without appropriate consideration of method choice and calibration, 
can result in misleading outcomes (Chapters 3, 4, 5, 6, 7) leading to poor decision making 
that indirectly positively and negatively influences rehabilitation outcomes (Chapter 3). 
Given this, there is a need to develop standard approaches for assessing these soils. There 
are currently no guidelines or standards for the assessment of enhanced SSV mine soils. 
Thus, there needs to be standard chemical and biological methods developed for measuring 
these soils, which allow for robust and repeatable results. Current standard method books 
e.g. (Rayment and Lyons 2010; Robertson et al. 1999; Sparks 1996) could be used as the 
basis for further research and development in this field.
Thus, the overarching research question from this thesis is: how do we adapt current 
standard method guidelines to account for enhanced SSV in mine soils?
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8.4.2. A framework for rehabilitation
A quantitative approach can be developed from the framework in Chapter 2 (Figure 2-5) 
to address ecosystem complexity, interrelated factors between mine rehabilitation steps, 
and consider a range of rehabilitation aims. Interrelation of rehabilitation steps (Chapter 2) 
can be both positive and negative for rehabilitation. For example, plants can be used to 
stabilise a site, and at the same time interrelates by aiding in soil functionality and provides 
structure and composition to an ecosystem (Koch 2007b; Loch 2000; Smits etal. 2010). 
However, they also may become weeds if not intended as part of the aim of rehabilitation, 
affecting overall rehabilitation outcome. Nutrient and water cycling is another example of 
interrelation across rehabilitation steps. Establishing nutrient cycling on mine sites is often 
dependent on sufficient moisture and water cycling (Shrestha et al. 2009), and thus being 
able to deliver both cycles together is crucial in the functional stage of rehabilitation (Figure 
2-5).
In addition, the aims for rehabilitation are different for each mine site. At the Alcoa 
Bauxite mines in south-west Australia, the aim is to restore the mines to previous Jarrah 
forest condition (Koch and Hobbs 2007). Barrick (Cowal) Gold, however, are aiming to 
engineer a stable, resilient and self-sustaining ecosystem, that is also reflective of the Lake 
Cowal ecosystem (Ryan 1998). Other mine sites may have regulator-set goals and Key 
Performance Indicators (KPIs). All mine sites, however will need to determine a set of aims, 
indicators and requirements for the site, and these will be unique to that site. The 
framework in Chapter 2 is merely a overarching guide for individual sites to develop a more 
in depth tool for rehabilitation. Delivering and achieving these aims and demonstrating that 
they have been met can be undertaken using a quantitative model.
Quantitative models, such as Decision Support Systems (DSS) have the potential to be 
used more broadly in mine rehabilitation. There is a vital need for both a quantitative way of 
assessing rehabilitation plans prior to implementation, and as a tool for monitoring and
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adaptive management (Hobbs and Harris 2001; Koch and Hobbs 2007; Loch etal. 2006;
Loch and Lowe 2008; Tongway and Hindley 2004). Geographic Information System DSS 
have only had some minor use in assisting mine rehabilitation programs thus far (Chen etal. 
2007; Soltanmohammadi et al. 2010), but have the potential to be used more widely. The 
framework shown in Figure 2-5 has the potential to be used as a Conceptual Model, when 
combined with economic and social considerations, and thus developed into a DSS with both 
quantitative (on-site and researched data) and professional opinion (qualitative).
One approach is to develop the framework into a Bayesian Network (BN) DSS for mine 
rehabilitation planning, implementation and monitoring. In restoration science, this may 
include a conceptual model of a degraded system and their interactions, along with possible 
restoration strategies and their known effectiveness, and cost-benefit analysis (Stewart- 
Koster et al. 2010). Further research could consider the development of BNs for mine 
rehabilitation. Trials on their use could be undertaken world-wide, on a cross-section of 
mine types, ecosystems, desired rehabilitation and ecosystem engineering end points, to 
determine their potential effectiveness as a rehabilitation tool.
8.4.3. Sampling and surveying mine soils
The lack of appropriate survey techniques limited the capacity to quantify the nature of
variation of the stockpiled soils in Chapter 4. This was despite the management of the soil 
strongly indicated the likelihood of enhanced SSV (Sencindiver and Ammons 2000). In 
addition the lack of pre-mine surveys limited the ability to determine if mine soil 
management increased SSV of soils in all chapters. The management of the soils, however, 
were indicative of enhanced SSV (Sencindiver and Ammons 2000) and it was assumed that 
the soils in Chapters 5-7 were heterogeneous.
To quantify the nature of variation, more appropriate survey methods could be used. 
The outcome of Chapter 4 demonstrated the need for multiple considerations for surveying 
mine soils. This includes matching pre- and post-mine surveys to determine changes to soils
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with management and amelioration strategies, as also highlighted in Chapter 3. This would 
also allow mine managers to identify enhanced SSV and undesirable characteristics in the 
soil. It would also inform mine managers of appropriate methods for surveying stockpiled 
materials post-mine.
Due to the several mechanical movements (stripping, stockpiling and respreading) 
involved in mine soil management, the volume and area of the soil changes and so does the 
heterogeneity. In addition, stockpiles need to be surveyed at depth, to measure changes to 
stockpiles with depth (Harris et al. 1989) and for a full assessment of the soils 
characteristics for rehabilitation.
There are currently no guidelines for the appropriate survey of mine soils (Chapter 3 
and 4). Chapters 3 and 4, however, suggests that surveys for mine site soils could be 
designed using geostatistics, as suggested by Dollhopf (2000). Geostatistics can be applied 
to soils at depth and across the horizon, and can aid in measuring variation, understanding 
undesirable components of the soil, and used to characterise soils. In addition, is not reliant 
on having pre-mine survey data. However, Dollhopf (2000) does not consider the changing 
characteristics of the soil with mechanisation in his sampling designs. A geostatistical 
approach, that includes issues such as changing heterogeneity, area and volume of the soil, 
could be considered in the development of standard survey guidelines. Geostatistical 
approaches have the potential to be costly and time consuming, and a pilot study on one 
stockpile is suggested to inform a larger scale survey of mine soils.
In addition, bulking and other sampling strategies also need further standardisation and 
research in a mine soil context. Chapter 3 discusses bulking as a means of reducing variation 
in a data set caused by SSV in mine soils. The benefits of bulking are mainly economical; 
fewer samples can be analysed and whilst also reducing variation. Bulking, however, is not 
appropriate where there is the inclusion of undesirable characteristics in the stockpile
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(Dieffenbach and Matzner 2000; Dollhopf 2000). A risk assessment approach, as discussed 
in Chapter 3, may be one way to determine if bulking is or is not appropriate in a mine site 
context by considering the risk of undesirable materials if they are not appropriately 
identified.
There is a need to determine reliable sampling and survey methods for mine soils that 
can match pre- and post-mine surveys, changing conditions of mine soils, the risk of 
undesirable components in stockpiles, variation, and also the lack of pre-mine data. This is 
an area that requires a great deal of further research.
8.4.4. Analytical methods for mine soils
This section follows on from the overall research question (Section 8-4-1), where the
need for standard methods for mine soils was discussed.
8.4.4.1. Mine soil standards
A lack of mine soil specific standards makes it difficult to calibrate analytical methods 
for enhanced SSV mine soils. There are currently no known calibrated methods for 
measuring plant available-P or N (Chapter 4, 5, 6, 7) in enhanced SSV mine soils. Methods 
may need to be calibrated using plant responses (Courtney and Harrington 2010) may be 
one of the only ways to determine if the colorimetric laboratory methods are both accurate 
and precise for application to mine site soils, for example. Soil standards also need to be 
developed for enhanced SSV mine soils (Wielopolski et al. 2010) as part of method 
calibration. Appropriate standards would have been useful for calibration of methods in 
Chapters 5, 6 and 7, and allowed for improved knowledge of the precision and accuracy of 
the AEM-P (Chapter 7) and ammonium-N (Chapter 6) methods. Overall, the lack of 
calibration standards led to unreliable results and limitations on the quantitative analysis of 
the soils used in this thesis. The development of mine soil standards is required for the 
calibration of standard methods, and to determine the reliability of methods used in 
enhanced SSV mine landscapes.
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8.4.4.2. Sample sizes and methods
Sample sizes, and the inherent variation of the soils were problematic when determining 
the reliability of results using standard methods. The studies conducted in Chapters 5, 6 and 
7 were undertaken concurrently, and the issue of sampling, sample size and variation was 
investigated simultaneously within this thesis. Increasing the sample size may improve 
precision of the method and the robustness of the data set for statistical analysis. However, 
increasing sample size is not always practical for on-ground use, particularly when the 
number of samples needed is more than what can be feasibly be sampled from a site 
(Chapter 6). Increasing sample sizes also does also not reflect the natural variation of the 
soil (Dollhopf 2000), which is known to affect rehabilitation outcomes (Chapter 3). High and 
low extremes also need to be appropriately considered (Chapter 3).
The use of CVs to assess precision of methods and the variation of the soil materials is 
limited. CVs are dependant on the size of the sample, as this influences bot the mean and SD 
used to calculate CV. CVs cannot be compared between studies, unless survey and sample 
numbers are identical. Instead, this study used a range of papers e.g. (Bendel et al. 1989; 
Bolland and Allen 1998; Dollhopf 2000; Kolins et al. 1983; Lande 1977) that had suggested 
CVs that were or were not acceptable for methods or the type of soil that was being 
investigated. Whilst geostatistics can be used for understanding soil variation, and are more 
robust than using CVs, more appropriate statistical approaches are needed for 
understanding precision of methods. These approaches should be reproducible and able to 
be compared across data sets.
Finally, variation may also be due to inconsistent chemical interferences that can affect 
accuracy and precision, as discussed in Chapter 6. In these cases, increasing sample size will 
not work to improve precision, and calibration or use of an alternative method is necessary. 
Therefore, further research on methods for assessing enhanced SSV soils needs to consider
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a combination of: practical sample sizes and associated acceptable errors, sampling 
methods, precision and accuracy of the methods, plus chemical interference issues.
8.4.4.3. Future research for mine soil method development
This thesis highlights the problem of insufficient standard soil chemical and biological
methods for use on enhanced SSV mine soils. These methods, however, are crucial in 
understanding soil for planning rehabilitation [Chapter 3 and 4) and understanding the 
outcome of rehabilitation treatments and trials [Chapter 5). The thesis discusses some 
methods that are reliable and need further calibration. Further research into methods for 
measuring mine soils need to be calibrated to consider several aspects. This includes: 
sample size and acceptable error [Chapter 6); precision and accuracy of the methods, 
including in relation to plant available nutrients [Chapter 5, 6, 7); and, determining and 
adapting for inconsistent interferences in the methods [Chapter 4, 5, 6). Indices of nutrient 
tests, including nitrogen, on enhanced SSV soils, such as those used by Bennett et al. (1999) 
and Cookson et al. (2008), could also be a successful way to address the issue regarding the 
lack of appropriate methods. Further research should be undertaken to determine if 
standard methods are applicable in a range of mine soils (world-wide) or if new or adapted 
analytical methods are required for these unique soils.
8.4.5. Statistical model choice for enhanced SSV soils
This thesis has focused on using parametric methods, including ANOVAs (Chapter 5), in
the analysis of mine soils. ANOVA, in combination with transformations, CVs and LSDs were 
sufficient for this research. The research synthesis (Section 8.3, Figure 8-1) and the 
Literature Review (Chapter 3), however, have determined that other models may be more 
applicable given the high variation of some of the soil characteristics (e.g. EC). The use of 
kriging, co-kriging (Becker et al. 2006; Mummey et al. 2002), multivariate (as discussed in 
Chapter 3) and Bayesian statistics should be considered for sampling, surveying and 
analysing mine soils at the small-scale. For example, these methods can be used where
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analytical methods are reliable, but the large sample numbers required to get a reliable 
estimate o f the mean are unrealistic. An example w ould  be EC in Chapters 4 and 5; the 
method is reliable, but it  has high variance and requires 149 samples (Chapter 5) fo r a 
robust estimate o f the mean. Geostatsitics, however, is lim ited  by a physical location 
reference, which is not always possible in glasshouse and o ther tria ls  (Chapter 5).
Bayesian statistics could be used to analyse rehab ilita tion  outcomes and m ine soils 
when there is uncerta in ty  in the analysis o f soils w ith  enhanced SSV (Borsuk et at. 2004; 
S tewart-Koster et at. 2010). Instead o f re ly ing  on fin ite  results, Bayesian Networks (BNs) 
can be designed to make decisions based on the like lihood o f a scenario occurring  (Howes et 
at. 2010; S tewart-Koster et at. 2010). BNs fo r enhanced SSV soils could be adapted in to  a BN 
for rehab ilita tion  scenarios (as discussed in Section 8.4.2). The use o f sta tistica l models, at 
m u ltip le  scales, needs to be investigated to determ ine the ir re la tive usefulness in assessing 
enhanced SSV m ine soils.
8.5. Practical implications for mine sites
This thesis demonstrates a num ber o f practical solutions and im provem ents for 
enhanced SSV m ine soil assessment as part o f m ine rehab ilita tion  programs. These practical, 
in te rd isc ip lina ry  solutions resolve some o f the issues o f SSV in soils, and provide ways o f 
im prov ing  methods to produce more re liab le  soil measurements and m on ito ring . Some 
ways in which land managers should consider SSV include:
• U tilis ing  cu rren t fram ew orks to develop a quantita tive  and qua lita tive  approach 
to decision m aking in planning, im plem enting and m on ito ring  fo r m ine 
rehab ilita tion  (Chapter 2)
• Always undertaking p re lim in a ry  fie ld assessment o f soils pre-, du ring  and post­
m in ing  to in fo rm  fu rthe r w o rk  on the site, matching methods where possible 
(Chapter 4).
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• Considering whether methods (both statistical and analytical) are appropriate 
for the site (Chapter 3, 5, 6, 7, 8), and if they have they been calibrated or 
checked for uncertainty on their specific site.
• Designing full trials and soil sampling that considers the enhanced variation of 
the site (Chapter 4 and 5), as determined in trials (Chapter 4). This can be done 
using pre-mine surveys or a pilot study of stockpile material.
• Considering using soil characteristics and methods that are more reliable in 
enhanced SSV soils, including measurements of total nutrients (C, N, P, S), WP 
(Dl AEM-P) and BP, respiration, moisture, EC and pH (Chapter 4 and 5). These 
indicators can then be used as part of assessment of the effectiveness of 
rehabilitation treatments (Chapter 5). Limitations to all methods should be 
considered and assessed.
• Ensuring that available nutrient (e.g. D1 AEM-P, BP, nitrate-N, ammonium-N) and 
biological (e.g. MBC, respiration) methods (Chapter 5, 6, 7) are calibrated for the 
vegetation and the soil before use. Otherwise, consider alternative methods or 
limitations of the methods.
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Chapter Eight: Conclusion
8.6. Conclusion
The thesis considers the issue o f assessing enhanced small-scale va ria tion  m ine soils 
using standard methods, where SSV d irec tly  and ind irec tly  influences rehab ilita tion  
outcomes. The thesis dem onstrates tha t standard chemical tests (EC, pH, m oisture, Dl AEM- 
P (WP), BP, to ta l C, N, P and S) and resp ira tion  are re liable methods fo r assessing 
rehab ilita tion  treatm ents and m ine soils. The results from  these methods are therefore 
deemed as being re liab le  in fo rm a tion  fo r m ine managers. NH4F AEM-P and DI AEM-P 
requ ire  fu rthe r ca lib ra tion  to understand influence on P-fractions, accuracy and th e ir use for 
assessing Austra lian native p lant available-P. Standard co lo rim e tric  am m onium -N and 
n itra te-N  methods are unre liab le  fo r these soils, and p re-trea tm ent is required fo r 
am m onium -N extracts before analysis. MBC is unre liab le  for assessing m ine soils.
The thesis and its synthesis provides avenues fo r fu rthe r research, including: the need to 
develop standard methods fo r assessing enhanced SSV mine soils; standard survey tools; 
ca lib ra ting  and developing new biologica l and chemical techniques fo r characterising mine 
soils; and rev iew ing sta tistica l model choices for m ine soils. Scientists and m ine managers 
need to form ulate new approaches and strategies fo r assessing m ine soils w ith  enhanced 
SSV. New tools and methods, such as those suggested in th is thesis, are essential fo r mine 
rehab ilita tion  success. H ighly altered and heterogeneous soils are not jus t lim ited  to mine 
environm ents; they can be found in many locations w ith  industria l development. Therefore, 
the creation o f standard methods could be applicable to a range o f soils tha t have enhanced 
small-scale heterogeneity.
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Appendix One: Hierarchical Cluster diagrams and regressions of 
chemical characteristics from Chapter 4
Red Duplex Cluster Analysis:
Cracking Clay Cluster Analysis:
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Hill Soil Cluster Analysis:
Stockpile 1:
Cluster Analysis:
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Regressions:
y= 0.0908X + 0.012 
R2 = 0.9703
y = 19.044X- 20.217 
R2 = 0.9613
ECe (dS/cm)
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Stockpile 2:
Cluster Analysis:
Regressions:
0.25 -
0.15 -
0.05 -
TC%
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V =  22.724x- 1.7741 
R2 = 0.6396 ^
=  15
TC %
y = 73.792X- 21.923
E 60
y= 18.268X- 13.051 
R2 = 0.9275
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ECe (dS/m)
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Stockpile 3: 
Cluster Analysis
Regressions
y= 0 .1142X -0.0013 
R 2 = 0.9323
0.08
I- 0.06 -
0.02  -
253
Appendix One
V = 14.734X + 0.2192 
R2 = 0.941
st 8
V = 82.754X-7.6123 
R2 = 0.5301
Z 60
y= 30.807X- 54.529 
R2 = 0.6902
*  100
ECe (dS/m)
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Stockpile 4:
Cluster Analysis:
Regressions:
y= 0.0317e1'u9* ♦  
R 2 =  0 . 9 9 0 7 * ^
0.08 -
0.06
0.04 -
0.02  -
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V = 5.3406X + 5.4879 
R2 = 0.558
TC (%)
i  30
TC(%)
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y = 28.785x- 53.494
ECe (dS/m)
1231.4X* 48.335 
R2 = 0.8624
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Stockpile 5:
Cluster Analysis:
Regressions:
y = 0.0385X + 0.0245 
R2 = 0.8574
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y = 61.018X- 92.54 
R2 = 0.9306
.3P 400
E 300
*2 200
2 loo
ECe (dS/m)
Stockpile 12:
Cluster Analysis:
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Regressions:
y= 0.0931X- 0.0181 
R2 = 0.8294
£  0.07 -
0.04 -
0.03 -
y = 9.5734X + 0.2702 
R2 = 0.638
ECe (dS/m)
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Stockpile 13:
Cluster Analysis:
Regressions:
y=0.0975x- 0.0189 
Rz = 0.5256
TC(%)
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y= 6.5424X- 1.9295 
R2 = 0.624
ECe (dS/m)
Stockpile 14:
Cluster Analysis:
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Regressions:
y — 24.487X- 35.848 
R2 = 0.8547
g  100
ECe (dS/m)
Stockpile 15:
Cluster Analysis:
1 —
4 -  —
2 -
5 -
3 -
Regressions:
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y = 12.572X- 1.8931 
R2 = 0.6961
TC (%)
0.12 n
y = 0.0787X-0.0084 
R2 = 0.9641
0.06 -
0.04 -
TC(%)
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y = 60.13x- 83.776 
R2 = 0.9119
jjp 30 -
ECe (dS/m)
y= -10.172x + 1.8914 
R2 = 0.6524
i 0.6
.tr 0.4
TN(%)
y = 6.8966X + 1.0448 
R2 = 0.5016Z 0.8
o 0.4
E 0.2
TN(%)
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Stockpile 16:
Cluster Analysis:
Regressions:
y=0.0749x + 0.0068 
R2 = 0.8468
TC(%)
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y= 12.54X- 1.0563 
R2 = 0.6442
Stockpile 17:
Cluster Analysis:
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Regressions:
y= 9.4181X-13.265 
R2 = 0.7811
ECe (dS/m)
Stockpile 19:
Cluster Analysis:
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Regressions:
0.09 -
0.08 y= 0.0618x + 0.0133 
R2 = 0.64330.07 -
0.05 -
0.03 -
y=42.156x-45.169 
R2 = 0.8483
£  250
E 200
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Stockpiles 6-11 and 18:
y = 36.446X- 12.178 
R2 = 0.685
TC(%)
0.16 -1
0.14 - y= 0.0723X + 0.0052 
R2 = 0.8276
0.08 -
0.06 -
0.04 -
0.02  -
TC(%)
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1200
y = 3.3543eC4233* 
R2 = 0.90481000
i  400
ECe (dS/m)
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Appendix Two: Glasshouse and Incubation Room 
Diagrams/Photos
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Figure 1: Fully randomised block design in Glasshouse One
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Figure 2: Fully randomised block design in Glasshouse Two
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Figure 3: Photo of glasshouse one with pots laid out to be filled with soil
Figure 4: Microbiological biomass carbon room, with fully randomised blocked design
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Figure 5: Respiration room, with fully randomised blocked design
Figure 6: Respiration chamber (gas tight container) with vial of KOH and container of 
soil with treatment
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Appendix Four
Appendix Four: Data, correlations and regression plots from  
Chapter 5
Average (n=12) MBC (m g-C /kg-so il) and Respiration (C02-C/kg so il/day) fo r each o f the 
six treatm ents (contro l, compost and wood mulch w ith  + /-  gypsum), over the 48 sampling 
weeks.
Sampling
Treatm ent
MBC Respiration
Week (mg-C/ksoil) (C02-C/kg soil/day)
Control 622.2 12.2
Compost 768.7 32.1
W ood mulch 801.8 85.6
8
Gypsum 666.7 11.6
Gypsum + Compost 642.0 34.2
Gypsum + W ood mulch 820.0 86.3
Control 154.4 15.4
Compost 306.4 43.9
W ood mulch 272.8 81.7
16
Gypsum 192.9 12.8
Gypsum + Compost 218.0 40.2
Gypsum + Wood mulch 209.6 81.7
Control 938.9 8.9
Compost 1082.9 39.2
W ood mulch 747.3 82.9
24
Gypsum 995.1 11.6
Gypsum + Compost 752.7 37.4
Gypsum + W ood mulch 872.2 78.7
Control 624.1 8.2
Compost 498.1 13.4
W ood mulch 512.3 65.5
32
Gypsum 500.0 19.1
Gypsum + Compost 578.9 19.6
Gypsum + W ood mulch 886.5 63.8
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Average (n=16) EC, Moisture (M), Total P (TP], Total N [TN], Total S (TS], Total C (TC) 
NO3', Water Soluble P (WP] and Bicarbonate P (BP] for each of the six treatments (control 
compost and wood mulch with +/- gypsum], across the 72 sampling weeks
Sampling Week Treatm ent
EC
(dS/m)
M (%)
TP
(mg/kg)
TN
(%)
TS
(mg/kg)
TC
(%)
NOj
(mg/kg)
WP
(m g//kg)
BP
(mg/kg)
Control 2.8 13.9 123.8 0.1 848.4 0.7 6.6 4.9 8.6
Compost 2.6 14.9 482.8 0.2 966.7 1.7 49.9 87.4 176.8
Wood mulch 2.8 22.5 96.8 0.1 494.1 2.0 4.4 3.2 9.9
Gypsum 3.1 14.1 143.7 0.1 3324.4 0.6 4.9 1.1 10.4
Gypsum + Compost 3.2 15.1 410.8 0.2 3872.5 1.5 38.0 19.1 213.1
Gypsum + Wood mulch 3.1 25.4 89.3 0.1 2568.4 2.5 1.9 1.6 13.5
Control 2.0 11.8 86.8 0.1 549.4 0.6 7.3 5.7 5.9
Compost 3.3 11.5 483.6 0.2 985.9 1.7 41.0 74.1 177.0
Wood mulch 1.0 19.9 96.6 0.1 383.8 2.6 2.1 4.8 5.9
Gypsum 3.9 11.4 85.8 0.1 2381.6 0.6 6.1 3.6 7.8
Gypsum + Compost 4.6 11.4 431.8 0.2 3456.6 1.8 431.6 24.3 215.7
Gypsum + Wood mulch 2.7 23.3 116.8 0.1 2637.1 2.1 3.5 2.8 6.7
Control 2.2 11.6 83.4 0.1 542.6 0.6 14.9 8.1 72.8
Compost 1.5 11.7 392.2 0.2 646.0 1.3 9.9 54.4 180.2
W ood mulch 2.7 14.8 85.9 0.1 534.6 1.5 7.3 6.9 73.7
Gypsum 3.2 11.3 85.4 0.1 2248.1 0.6 12.2 5.7 73.1
Gypsum + Compost 3.0 14.5 419.5 0.2 2797.3 1.5 9.3 21.9 224.3
Gypsum + Wood mulch 2.7 22.1 123.4 0.1 2266.2 2.0 2.8 5.8 75.5
Control 1.6 8.6 98.8 0.1 522.7 0.6 42.4 6.7 50.2
Compost 1.5 9.0 435.6 0.2 642.0 1.5 166.3 59.5 172.5
48
Wood mulch 1.6 15.6 106.6 0.1 599.3 2.1 2.9 4.8 50.7
Gypsum 2.7 9.2 102.3 0.1 2295.3 0.6 22.4 4.8 53.4
Gypsum + Compost 3.7 9.8 478.7 0.2 3063.3 1.6 243.8 20.8 199.9
Gypsum + Wood mulch 2.6 18.3 105.6 0.1 2236.4 1.7 2.9 4.3 57.2
Control 1.6 13.6 97.9 0.0 503.4 0.6 40.0 2.6 15.3
Compost 1.9 13.0 367.7 0.1 653.4 1.2 236.4 47.5 96.9
Wood mulch 1.4 16.3 106.8 0.1 481.6 2.1 7.0 0.9 17.8
Gypsum 2.0 13.6 102.6 0.0 1733.8 0.6 29.5 1.1 17.8
Gypsum + Compost 2.8 13.8 416.3 0.1 2409.0 1.4 246.5 27.4 122.4
Gypsum + Wood mulch 2.4 16.9 112.2 0.1 1830.5 1.9 5.0 1.0 20.0
Control 1.3 12.7 94.9 0.0 361.5 0.6 62.5 3.9 32.0
Compost 1.9 13.1 302.0 0.1 488.1 1.1 163.6 27.5 84.8
Wood mulch 1.1 20.1 103.7 0.1 429.3 1.5 65.9 2.1 32.5
Gypsum 2.5 11.9 101.1 0.0 1165.4 0.6 46.6 2.3 33.2
Gypsum + Compost 2.7 13.0 326.3 0.1 2013.9 1.1 114.5 22.6 88.7
Gypsum + Wood mulch 2.0 20.9 110.1 0.1 1126.4 1.3 81.5 1.2 34.3
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Correlations between soil chemical and p lan t count data, using transform ed chemcial
data where appropria te.
Correlations
Moisture_Content 1 -
BP baselO 2 -0.2692 -
EC 3 -0.0688 0.0902 -
TC_doublelog 4 -0.4169 -0.1219 0.0053 -
TN_double_log 5 0.0212 -0.5682 -0.2173 0.5777 -
TP_base10 6 -0.2095 0.6604 0.0611 -0.2687 -0.7611 -
TS_base10 7 -0.0105 0.1980 0.5809 -0.1171 -0.2947 0.2309
Total_P!ants 8 0.2289 -0.1699 -0.0377 -0.2525 0.0433 -0.2081
WP_comp_log_log 9 -0.3156 0.6190 0.0102 -0.0999 -0.5770 0.6916
nitrate comp log log 10 -0.3899 0.3351 0.1194 0.2182 -0.2448 0.3713
pH 11 -0.1845 0.0048 -0.3495 0.2798 0.3139 -0.0988
Weeds 12 -0.0289 -0.0530 -0.0312 0.0198 0.0739 -0.0974
Trees 13 0.1873 -0.0469 -0.0427 -0.2701 -0.0154 -0.1335
Grass 14 0.2279 -0.2058 -0.0142 -0.1817 0.0459 -0.1521
1 2 3 4 5 6
TS_base10 7 -
Total_Plants 8 -0.0723 -
WP_comp_logJog 9 -0.0589 -0.1652 -
nitrate comp log log 10 0.0557 -0.2352 0.3450 -
pH 11 -0.2933 -0.1420 -0.1415 0.1791 -
Weeds 12 -0.1115 0.4504 -0.0526 -0.0876 0.0417 -
Trees 13 -0.0333 0.6150 -0.1261 -0.0907 -0.0653 0.0093
Grass 14 -0.0286 0.7688 -0.1236 -0.2333 -0.2021 0.1441
7 8 9 10 11 12
Trees 13 -
Grass 14 0.1373
13 14
Number of observations: 445
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Regression plots between p lan t counts (total, grasses, casurinas and weeds) and soil 
chemical data (m oisture, TN, TP, TS, TC, C:N, C:S, C:P, EC, BP, WP and NO3- and pH) using 
averages (n= 32). Each po in t is the average o f mulch type by 12-72 sam pling weeks 
regression plots
2 2.5 -
OL 1.5
£  1 -
y= 0.1201X-0.1711 
R2 = 0.5007
Moisture (%)
£ 1.5
y= 0.0692X + 0.0331 
R2 = 0.4396
Moisture (%)
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•= 0.6
y= 0 .0 5 5 4 x -0.409 
R2 = 0.4704
Moisture (%)
0.6 -i
♦
0.5 - V= -0.0009X + 0.1453
R2 = 0.0009
0.4 -
a
a
■c«
0.3 -
% 0.2 - ♦♦
♦
♦  ♦
♦
0.1 -
W ♦ ------ —-----------------♦
♦
A
♦  ♦  
♦ ♦  ♦
J 1---------------- 1— ▼ W 1 1 1 i i
0 5 10 15 20 25 30
Moisture (%)
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V = 0.6046X +0.7955 
R2 = 0.2713
TC(%)
V =  0.3319X + 0.6127 
R2 = 0.2159
E 15
TC(%)
y= 0.3624X-0.0737 
R2 = 0.43
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y= -0.0676X + 0.2217 
R2 = 0.1075
y = -5.667X+ 2.1692 
R2 = 0.1764
♦ «*♦S  1.5
y = -2.8943X + 1.3451 
R 2 = 0.1215
5 15
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V = -1.4241.x + 0.5513 
R2 = 0.0491
TN (%)
y= -1.3861X + 0.2714 
R2 = 0.3348
TN (%)
V= 0.0864X + 0.2901 
R2 = 0.6776
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V = 0-0441X + 0.3852  
R2 = 0.4668
E 1 5
y = 0.0417X-0.2242 
R2 = 0.697
w 0.6
y = 0.0028X + 0.0897 
R2 = 0.0224
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y = -0.1802X + 2.0392 
R2 = 0.0216
y*-0.1761x + 0.8382 
R2 = 0.0908
s 0.8
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£■
9
3
S
2o
25 1
2 -
1.5 -
1 -
0.5 -
0
0
y = 0.057x+ 0.9145 
R2 = 0.0057
♦
♦ ♦
♦
♦
1 I I i
2 3 4 5
EC
y = -0.051X+0.2566 
R2 = 0.0549
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V = -1.1264X + 10.356 
R 2 = 0.1413
c 1.5
V =  -1.0335X + 9.0885 
R 2 = 0.3141
c 1.5
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1.4 - 
1.2  -
! o, -
8
S 0.6 -
■Z
$  0.4 - 
0.2 -
0 - -
7.4
♦
♦
y= -0.1468k + 1.5494  
R2 = 0.0106
♦
♦
8.2
e
=
8
CJ«.
§
0.6 -j
0.5 - 
0.4 - 
0.3 - 
0.2 -  
0.1 -
0  - -
7.4
y = 0.0584X-0.3217 
R2 = 0.012 ♦
8.2
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y = -0.0026X + 1.2167 
R2 = 0.2547
Nrtrate-N (mg/kg)
y = -0.0049X + 1.9051 
R2 = 0.3406
e 1.5
N'rtrate-N (mg/kg)
y = -0.0017X + 0.5114 
R2 = 0.1713
s  0.8
Nrtrate-N (mg/kg)
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y = -0.0006X + 0.1664 
R2 = 0.1371
Nitrate-N (mg/kg)
y = -0.0008x + 0.1904 
R2 = 0.1943
BP (mg/kg)
y = -0.0016X + 0.5274 
R2 = 0.1126
s 0.8
BP (mg/kg)
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y= -0.0052x + 1.9928 
R2 = 0.2777
£  1.5
y= -0.003X+ 1.2814 
R2 = 0.2447
c 1.5
y= -0.012X+ 1.246 
R2 = 0.2654
c 1.5
WP(mg/kg)
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V = -0.0227X + 1.963 
R2 = 0.3606
c 1.5
V= -0.0075X + 0.5285 
R2 = 0.1741
s 0.8
WP(mg/kg)
V= -0.0034X + 0.187 
R2 = 0.2619
WP (mg/kg)
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Appendix Five: Rationale for using AEM-P method
Choosing appropriate methods for the analysis of plant available-P (Chapters 5 and 8) in 
mine soils resulted in the consideration of a range of methods used in commercial 
laboratories. These methods are often soil type specific, and generally include: Colwell-P 
(Rayment and Higginson 1992); Olsen-P (Olsen et al. 1954); Bray-P (Bray and Kurtz 1945); 
and Morgans-P(Peech and English 1944). The soil properties and the method can affect 
adsorption of P during analysis (Parfitt 1978). The Colwell (1963) P method is used across a 
range of soil types in Australia, including acid, neutral and alkaline soils, and is known to 
correlate with crop and pasture responses to P (Rayment and Higginson 1992). The Colwell 
(1963) P method is similar to Olsen-P (Olsen et al. 1954), but uses 0.5M NaHCCh adjusted to 
a pH of 8.5. Although Colwell-P cab=n be applied to a number of soil types, both Colwell 
(1963) and Olsen etal. (1954) methods can overestimate P in sodic soils (Bertrand et al. 
2003; Courtney and Harrington 2010; Curtin and Naidu 1998; Kordlaghari and Rowell 
2006), which are soils that have similar properties to those used in this thesis. Cowell-P is 
also known to have high variation, and large sample numbers are required for sufficiently 
robust estimations (Bolland and Allen 1998; Bolland and Wilson 1994). Gypsum 
amendments, as used in this thesis, and high Ca soils may increase recovery of P using the 
Olsen method (Delgado et al. 2002; Schoenau and Huang 1991), and the method also has 
limitations in other soils depending on cations and pH(Schoenau and Huang 1991). Morgan- 
P and Olsen-P correlate poorly with plant biomass (Courtney and Harrington 2010; 
Schoenau and Huang 1991), but plant biomass correlates strongly with Colwell-P in highly 
sodic conditions (Courtney and Harrington 2010). Bray-P is commonly used for alkaline and 
sodic soils (Bray and Kurtz 1945; Hazelton and Murphy 2007), but does not cover the range 
of soil properties in this thesis.
As all of these methods have soil specific limitations, and the subsequently are 
potentially less useful for assessing plant available-P in enhanced SSV soils where several
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soil types are present. The use of anion exchange membrane (AEM) techniques to measure 
anion exchangeable membrane-P (AEM-P) (Hedley and Stewart 1982; Lajtha et al. 1999) 
has been found to correlate with plant use of P and yield across many different soil types 
(Fernandes and Coutinho 1997; Fernandes etal. 1999; Schoenau and Huang 1991), and this 
could also be the case for enhanced SSV mine soils. Along with the work undertaken in 
Chapter 7, this indicates that the AEM method may be useful for application to mine soils 
and further exploration.
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Appendix Six: AEM-P and Fractionated P table from Chapter 7
Average P (n=5) fo r P-fractions, inc lud ing  anion exchange membrane-P (AEM-P), 
bicarbonate-P (BP), hydroxide-P (OHP), hydrochloric-P  (HC1P) and su lphuric  acid-P (SP) by 
soil type (A-E) and LIS used in fraction one (NH4F, KCl, DI and CaCh). The to ta l sum o f the 
fractions is to ta l inorganic-P (TIP).
Soil LIS AEM P BP OHP HCIP SP TIP
A CaCI2 1.2 28.0 29 .0 4 1 .3 16.7 116 .3
A DI 4 .7 28.7 21 .5 38.5 17.1 110 .5
A KCL 3.4 29 .6 22 .1 37 .0 16.6 1 08 .6
A NH4F 14.2 25.2 21 .8 3 6 .0 15.2 112 .5
B CaCI2 3.1 30.0 22 .4 38.4 15.1 1 08 .9
B DI 15.5 28.8 28.1 3 3 .8 14.6 120 .7
B KCL 7 .6 27.7 2 1 .6 37.5 14.5 109 .0
B IMH4F 12.4 2 7 .6 10.4 5 1 .3 14.8 116 .5
c CaCI2 2.4 32.7 26.2 18.6 13.7 93 .7
c DI 24.1 26.8 2 5 .4 16.9 13.5 106 .7
C KCL 8.2 28.9 27 .3 16.5 13.8 9 4 .8
C NH4F 19.7 26.4 25 .8 16.7 13.0 101 .6
D CaCI2 8.3 74 .4 65 .6 7 .0 5 .8 161 .1
D DI 11.3 6 3 .0 2 5 .0 4 .7 5.2 109 .1
D KCL 0.9 64.9 31 .9 4 .8 6 .0 108 .5
D NH4F 14.3 57.3 59 .3 6 .0 6.5 143 .4
E CaCI2 0.7 2 8 .0 79 .9 40 .2 2 2 .7 171 .4
E DI 5.4 24.4 9 2 .7 19.6 2 0 .9 162 .9
E KCL 3.8 26.6 98 .8 19.5 20 .6 169 .2
E NH4F 9.4 23.8 88.2 20.5 19.7 1 61 .6
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Appendix Seven: Methods List for Chapter 4 and 5
Methods used in Chapter 4
The chemical methods used for each soil sample are standard methods set out in 
Rayment and Higginson (1992): pH undertaken using 1:5 soil to water (4A1); EC 1:5 water 
(3Al)(data not shown); ECe (14B1); automated colorimetric analysis of Colwell P (9B2),
NO3 -N and NH4+ -N (7C2); pH 7.0 Ammonium Acetate extracted exchangeable Ca2+, K+, Na+ 
and Mg2+ (15D3) and SO42' calculated from sulphur concentration (3:20 soil to 0.25M KC1) 
(ASPAC KC1 40), and both determined using Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP-AES); TC (Walkley-Black) undertaken on UV-V1S (6A1); Kjeldahl total N 
using automated colorimetric analysis (7A2). CEC was calculated using the exchangeable 
cation results.
Methods used in Chapter 5
A modified chloroform fumigation extraction (CFE) method (Vance et al. 1987) was used 
to determine MBC. Three 10g samples of equivalent oven-dried soil were sampled and 
weighed out for: 1) fumigation and extraction; 2) extraction without fumigation; and 3) 
determination of oven-dried soil moisture (%). The first group of samples were weighed 
into specimen containers and fumigated with 25mL of chloroform for 60 hours in air-tight 
polycarbonate containers. Water was added to the base of the polycarbonate containers to 
prevent drying. The second group of samples were covered and put in the fridge for 60 
hours. Prior to extraction, the refrigerated samples were allowed to stabilise at room 
temperature. The third group of samples were oven dried at 80QC for 60 hours. The first two 
groups of samples were extracted using 1:4 soil (weight) and 0.5M K2SO4 (volume), followed 
by a digestion using concentrated H2SO4, 85% H2PO4 and 8% K2Cr20y. Analysis of C content 
of the samples was undertaken on a Cary-50 spectrophotometer at 625nm using glucose
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standards, and MBC was calculated using Equation 5.1 from Vance et al. (1987). No 
correction in the calculation of MBC was made for the Cl used in chloroform fumigation. 
Wong et al. (2008), who undertook an experiment in similar conditions, found Cl from 
chloroform to have no affect on MBC analysis. The MBC is calculated as mg-C/kg-soil.
The soil respiration method was adapted from Wollum and Gomez (1969) using alkali- 
adsorption of respired CO2. Vials containing 8mL 0.5M KOH were placed into polycarbonate 
airtight containers for 24 hours with the individual replicates of treated mine soils. Blanks 
(with no soil) were also prepared and recorded to account for headspace CO2. The EC of the 
KOH was then measured after 24hrs of respiration using an Orion 5 Star EC probe and 
meter. The CO2 respired was calculated using Equation 5.2.
In this equation: 96.8mg is the maximum amount of CO2 8mL of KOH can absorb; EC1 is 
the EC of the fresh KOH used; ECS is the EC of the KOH used in respiration; ECB is the 
average EC of the blanks; EC2 is the EC of fully saturated KOH exposed to the respiring soil; 
144 is the surface area of the soil; and T is the amount of time (minutes) the KOH was in the 
container with the soil. The respiration is calculated as mg CO2-C /kg soil/day.
Total C and total N (TC and TN) was undertaken using a LECO CNS-2000. Total P and S 
(TP and TS) was extracted using the Aqua Regia method (Rayment and Higginson 1992) and 
analysed using Perkin Elmer Elan DRC-e Inductively Coupled Plasma Optical Emission 
Spectrometry (APHA 3120 ICPOES)(Eaton et al. 2005). NO3-N was extracted in 1:10 KC1 and 
analysed on a Lachat Flow Injection Nutrient Analyser (APHA 4500 NO3—F)(Eaton et al. 
2005). Water soluble-P (WP) and bicarbonate-P (BP) were undertaken using partial
MUC =  2.64- * (C in funiigalotl soil C ill non fumigated soil) (Equation 5.1)
(Equation 5.2)
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fractionation as described by Lajtha et a l . [1999] and Drake et al. (2010c), as adapted from 
(Hedley and Stewart 1982). Samples were analysed using Malachite Green, a Cary-50 
spectrophotometer set at 630nm and analysed against a set of standards. Soil was also 
analysed for air-dried soil moisture (%) and pH (1:5 CaCh) and EC (1:5 soil/water) (4B2 
and 3A1) (Raymentand Higginson 1992).
310
